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ABSTRACT 


This thesis presents the results of tests conducted to 
investigate the behaviour of non-prestressed concrete T- 
beams reinforced with single leg welded wire fabric shear 
reinforcement. The size of the beams was chosen to approxi- 
Mate half of a full-sized double-tee beam. The layouts of 
the welded wire fabric reinforcement sheets were chosen in 
accordance with the proposals of the PCI Technical Activi- 
ties Committee's Joint PCI/WRI Ad Hoc Committee on Welded 


Wire Fabric for Shear Reinforcement (1980). 


Ten beams were tested. Eight beams were reinforced with 
different arrangements of welded wire fabric web reinforce- 
ment. Two beams with conventional reinforcement single leg 
stirrups were tested for comparison purposes. The beams 
were tested under static loading using a two point loading 
arrangement on a simple span so that the shear-span to depth 
ratio was approximately 3.0. The tension reinforcement 
ratio, P., was approximately 0.022 for all beams and the web 
reinforcement ratio, r, was between 1.04 x 107-3 and 
1.52 x 1073. The instrumentation included measurements of 


load,, deflection,. stirrup Straing Wituiwrup simpmandFtrack 


width. The propagation of cracks was also monitored. 
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All beams tested had diagonal tension type failures. The 
test results indicated that the ACI and CSA Code equations 
for predicting beam shear strength were conservative for the 
welded wire fabric sheets used, provided that there was 
proper anchorage. The Code equations were less conservative 
as the web reinforcement ratio decreased. The best anchor- 
age was provided with two horizontal cross-wires at the top 
and bottom of the reinforcement sheets as proposed by the 
PCI/WRI Ad Hoc Committee for the case of single leg welded 
wire fabric shear reinforcement sheets with smooth vertical 
wires. In the case of welded deformed wire fabric, anchor- 
age with only one horizontal cross-wire top and bottom was 
also satisfactory, provided the bottom cross-wire was not 
above the lowest main reinforcement and the upper cross-wire 
was close to the top face of the beam. It should be noted 
that these anchorages were not effective in supporting the 
main reinforcement to prevent dowel splitting. This type of 
cracking along the main reinforcement was evident in every 


beam which had welded wire fabric web reinforcement. 


Most of the vertical wires in the welded wire fabric sheets 
that were crossed by the failure crack in the region where 
they were well anchored, fractured when the beam failed. 
This was not the case in the beams with the conventional 


stirrup reinforcement. 
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LIST OF SYMBOLS 


Shear span distance 

area of tension reinforcement 

area of shear reinforcement within a distance s 
width of compression face of member (flange 
width of the T-beams tested) 

web width of T-beams 

nmorizontal wp LOjecolonsmOtmanesinclinedu crack 
between the top of the main reinforcement and 
the bottom of the web-to-flange taper 

effective depth of beam; distance from the 
extreme compression fiber to the centroid of the 
tension reinforcement 

depth from compressed surface to anchorage of 
shear reinforcement in tensile zone 

Young's Modulus (Modulus of Elasticity) 
compresSive strength of concrete 

stress in reinforcement at ultimate 

yield strength of shear reinforcement 

yield strength of reinforcement 

stress in wire shear reinforcement measured at a 
strain) .Of7/0..00 3 Saml@lsc .am Val erud mes Cre mOrt ino 


reinforcement with fy greater than 60 ksi as 
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= stress in wire shear reinforcement measured at a 


strain of 0.005 (i.e.*yield strength for wire 
reinforcement as specified in ASTM Standards) 
Overall depth of member 

effective moment of inertia for computation of 
deflection 

load factor, (Us4etoredeadaload and 1.7 for live 
load) 

moment at section considered 

nominal moment strength 


point load applied in beam tests 


= point load applied at beam failure 


web reinforcement ratio Ee Ay 


bys sing 
shear reinforcement spacing in direction of 
longitudinal reinforcement 
thickness of compression flange in T-beams 
basic shear stress; shear stress carried by the 
concrete in non-prestressed beams 


shear stress carried by the concrete 


= shear stress carried by the concrete as given in 


EHePACI® Code (= Ge ets 72000507, uit 


shear stress at ultimate 


= shear stress at the beam failure load for the 


tests conducted in this program 
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shear force carried by the concrete 


shear force carried by the concrete as given in 
the ACI Code 


shear force producing shear cracking 


nominal shear strength 
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shear force at ultimate load 

Shear force at the beam failure load for the 
tests conducted in this program 
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from a direct tension test 

average inclination of an inclined crack meas- 
ured from the horizontal 
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CHAPTER 1 


INTRODUCTION 


The PCI Technical Activities Committee Joint PCI/WRI Ad Hoc 
Committee on Welded Wire Fabric for Shear Reinforcement 
(1980) has indicated that the use of welded wire fabric 
Shear reinforcement in webs of double-tee beams has 
increased significantly. This Committee has proposed wire 
sizes and methods of anchorage for sheets of single leg 
welded wire fabric for shear reinforcement for these types 
of beams. The purpose of this program was to investigate 
the behaviour, under shear loading, of non-prestressed 
concrete T-beams with welded wire fabric web reinforcement 
selected in accordance with these proposals. fThe ductility 
of the beams and the behaviour of the anchorage of the web 


reinforcement were of particular interest. 


In this program, eight beams with welded wire fabric web 
reinforcement and two beams with conventional single leg 
reinforcement stirrups were tested. All of the beams had 
the same dimensions, the same amount of main reinforcement, 
and the same loading arrangement. The main variables were 
the type and size of the vertical wires in the welded wire 
fabric sheets and the arrangement of the anchorage for these 
sheets. The beam dimensions were chosen to approximate half 


of a full-sized double-tee beam. 
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A brief review of some procedures for calculating beam shear 
Capacity is presented in Chapter 2. This chapter also pre- 
sents some background information about welded wire fabric 
as well as results of some previous investigations regarding 
its use as shear reinforcement. A detailed description of 
the beam specimens and the material properties is given in 
Chapters 3 and 4, respectively. Chapter 5 explains the 


testing arrangement as well as the instrumentation used. 


In Chapter 6, the results of the tests are presented. This 
chapter has been broken into three sections. Tie wsrirs t 
section describes in detail the behaviour, up to and includ- 
ing failure, of a typical beam with welded wire fabric web 
reinforcement. The next section compares the ultimate 
strengths determined from the various tests with the pre- 
jactedmstnrengtchs obtainedm=rrom vanitous, procedures “(as 
described in Chapter 2). The final section of this chapter 
points out differences and similarities in the behaviour of 


the various beams tested. 


Chapter 7 presents a summary of the results along with 
conclusions and Chapter 8 suggests areas where further 


investigation should be made. 
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CHAPTER 2 


LITERATURE REVIEW AND BACKGROUND INFORMATION 


2-1 Shear Strength of Concrete Beams 

2.201 e°Genéeral 

A tremendous amount of work has been done on evaluating and 
predicting the shear strength of reinforced concrete beams. 
However, due to the extremely complex nature of shear fail- 
uré*and* the®llarge*variety of types™of "concrete obeams;, no one 
universal method of design has been developed. There are 
many different proposed procedures to determine the shear 
strength depending on such properties as amount of longi- 
tudinal or web reinforcement, type of cross-section, con- 
Creteectrengthe@and a/dgratio. Win order toslimitbdiscussion7; 
only a brief review will be presented of existing code 
procedures as well as previous testing and analysis relating 
to shear strength of beams similar to those tested in this 
project. An extensive review of factors affecting the shear 
strength of beams was published by ACI-ASCE Committee 426 


CAS EB es 


2.1.2 Design Procedures 

The method used in the ACI Building Code, ACI 318-77 (1977) 
for calculating beam shear strength is an adaptation of the 
semi-empirical method proposed by ACI-ASCE Committee 326 
(1962). The nominal shear strength, Vy, iS calculated as 


follows: 
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Vest Ve + Ve (Or) 


Veametsscescribed as the nominalsshear strength provided by 
tnewconcrete.s “In the ACI Codevit is empirically assumed 
that this is equal to the inclined cracking shear and would 
be the failure load for a beam with no web reinforcement. 
Ve is the nominal shear strength provided by the web 
reinforcement assuming that the horizontal projection of the 
failure crack is equal to the effective depth of the beam, 
d. For a concrete beam with shear reinforcement perpendicu- 
lar to the axis of the member, these quantities are calcu- 


lated as shown: 


Vee yc 25 008or, pal Spel =. SS aheTIS Tepes (252) 
s 
where: Lake, = concrete compressive strength (psi) 
by = beam web width (in.) 


= beam effective depth; distance from extreme 
compression fiber to centroid of longitudi- 
nal tension reinforcement (in.) 


f£ = yield strength of tension reinforcement 

y : 
(psi) 

Ss = spacing of shear reinforcement in direction 
parallel to longitudinal reinforcement 
Ginne) 

VM = shear and moment due to load at section 


being considered 


A, = area of shear reinforcement within a dis- 
bancens (SCs. ii.) 


6 
(1.2) 
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Pw = Ag 
bd 
A. = area of tension reinforcement (sq. in.) 


The equation for v, is generally simplified to: 
Memes 2vE'G byde (psi) (2.4) 
The CSA Code procedure in CAN3-A23.8-M77 is very similar to 


the ACI Code procedure. 


Although this approach provides conservative estimates of 
shear strength for a wide range of beams, it has been shown 
to be unconservative for beams with low values Of Pea(Ragja— 
gopalan and Ferguson, 1:9 GiGNE Also, this method does not 
correctly predict the effects resulting from variations in 
such properties as concrete strength, a/d ratios and amount 
of longitudinal and web reinforcement (Haddadin et al, 
1971). Some of the research done on the magnitude of Vg and 


M261 siereported gin éthesnextasections: 


2-123 Equations for Vc 

Several investigators have proposed alternative equations 
Lord calcu bating?!vVo-< Zsutty (1968) showed that the ACI 
equation gave poor predictions of test results for beams 


with no web reinforcement and low values of Ve and pvd 


bd VE". M VE", 
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He carried out a combined dimensional and regression analy- 
sis and proposed the following equation for the calculation 
of shear at inclined cracking, which the ACI Code assumes is 


the shear Vc? 


Was oS (59 VE Uehio d ) by (ocna) (2735) 


where: a = shear span distance (in.) 
b = width of compression face of member (in.) 
=A 
Ss 
bd 


= 
Ul 


moment at section being considered 


Stateingetrom asrailure theory tor concrete, Placas and 
Regan (1971) derived yet another equation for the shear 
force producing shear cracking, Vcr: 


a 
a ie 
Vow ool tle 1008 70.) 


ee "4bd Mest) (2.6) 
bd 


This equation gives similar results to that derived by 


Zsutty for beams with a/d ratios of approximately 4.5. 


Rajagopalan and Ferguson (1968) proposed an equation for Vo 
based on a study of beams with no web reinforcement and low 


values of the longitudinal reinforcement ratio, p. 


io = (eel cb a ay VO tee) = OVATE dep tel lee, (2.7) 
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7 
It was shown that for beams with © less than about 1.2 per- 


cent, the shear strength was significantly decreased and 


that sthe= ACI equation’ did inot) predict fthis. 


ACI-ASCE Committee 426 (1977) proposed a design equation 


Similar to that developed by Rajagopalan and Ferguson. 


ey = (0.8 8+ 20Reem me cueme 2 ail (pst) (2.8) 


The quantity vj, is defined as the basic shear stress and in 
the case of non-prestressed beams it is taken to be the 


shear stress carried by the concrete. 


Batchelor and Kwun (1981) have suggested an alternative 


equation for v,: 


UE eee 0060+ TO evens, <8 -25yE0S (psi) ©(259) 


Equations 2.5 to 2.9 are empirically derived and attempt to 
allowmrOoratheveiiects of prand ee CDR mer gay Gm samnusie T 


results. 


Dele. 405 Equations: for ve 

In addition to the work done to determine the shear stress 
carried by the concrete, extensive research has been carried 
Out to examine the effectiveness of web reinforcement in 


reinforced concrete beams. Haddadin, Hong and Mattock 
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(1971) tested a series of T-beams with varying amounts of 


web reinforcement and derived the following equations: 


ViOravE = Pa7s rivy when rE vy <v0n P12 fae (2630) 
TS i ee ris, Oe 4s Seal when Coe > 


Oj. a2 G06) Vil (2221) 
a 
where: 
Vee sew Vo + 2500)F 7 Vame 3-5yf" Zea) 
aM 
= shear stress carried by concrete, also nominal 
shear stress at diagonal tension cracking (psi). 
V,, = nominal ultimate shear stress 
ris aA 
Vv 
bs Sin a 
a = angle between inclined stirrups and longitudinal 


axis of member 


It was shown that these equations gave a better representa- 
tion of test data than the ACI equation for the effective- 
ness of web reinforcement. It should be emphasized that the 
value of V, used in the analysis was calculated using the 
ACI equation. Based on this, these tests showed that for 
small amounts of web reinforcement the effectiveness of the 
reinforcement is about 1.75 times as great as predicted by 
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9 
possible explanation would be that the crack has a horizon- 
tal projection of 1.75d rather than d as assumed in the ACI 
equation or that the web reinforcement extended the time 
over which aggregate interlock and dowel action were effec- 
tive. Haddadin et al also showed that the ACI equations do 
not accurately reflect the trends in behaviour as parameters 


such as a/d and concrete strength are varied. 


Attiogbe, Palaskas and Darwin (1980) tested concrete T-beams 
with small amounts of web reinforcement and longitudinal 
reinforcement and concluded that the web reinforcement is 
1.5 times as effective as that predicted by the modified 
truss analogy with a 45 degree crack. Their beams used 
strand as longitudinal reinforcement to get the necessary 
flexural strength with small amounts of longitudinal steel. 
In evaluating the effectiveness of the web reinforcement, 
these investigators used vy - vg Where both of these quanti- 
ties were determined from various test measurements and not 
from any of the previously stated equations. These results 
are in line with those of Haddadin, Hong and Mattock. Thus, 
small amounts of web reinforcement were found to be more 


effective than predicted by Equation 2.3. 


Placas and Regan (1971) derived equations for predicting the 


Shear failure load, shear compression failure load, and web 
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crushing load for beams with web reinforcement. For T-beams 


failing in shear the applicable equation was: 


1 
ere 
ie ot" ne tbe e6y!) Cups 12) 
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[eva Et) tbe int 


vey 
G2, 3229) 
where: 
t = thickness of compression flange 
d' = depth from compressed surface to anchorage of 


shear reinforcement in tensile zone 


The first term represents V, and themsecond) term V.. In the 
derivation of v,, it is assumed that a width of flange 
extending 3 inches on either side of the web was effective 


im transmitting os 


2.2 Welded Wire Fabric 

Ze2e) General 

The use of welded wire fabric (WWF) began in the early part 
Of et hiveR cenituny?, OAt tthats time, filtawasmused prelmarielyi pas 
reinforcement in concrete pavements. This type of rein- 
forcement improved the performance of the pavements by pre- 
venting deterioration after cracking and by providing more 
effective crack control. These properties, together with 
the relative ease of placement of the fabric, contributed to 
extensive growth in its use. Today, welded wire fabric is 
used as reinforcement for concrete pipe, slabs, walls, foot- 


ings, and beams as well as concrete pavements. 
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The manufacture of welded wire fabric is covered by the 
Specifications listed in Table 2.1. The ASTM and CSA Stan- 
dards for WWF set out required properties and practices 
which must be met by the manufacturers. These specifica- 
tions limit material chemistry and require minimum tensile 
strengths. Although there is no requirement for minimum 
elongation at failure, an attempt is made to define a mini- 
mum ductility by stating a minimum reduction in area and 


bend test requirements. 


The ACI 318-77 Building Code has several sections related to 
the use of WWF in reinforced concrete. Generally speaking, 
welded wire fabric can be substituted directly for bar 
reinforcement provided certain anchorage details are pro- 
vided. A Manual of Standard Practice for Welded Wire Fabric 
(1979) has been published by the Wire Reinforcement Insti- 
tute (WRI) based on these specifications. The existing 
design rules, however, do not clarify all matters relating 


to properties and uses of WWF. 


A possible area for confusion results from the difference in 
determination of the yield strength required by the ASTM and 
CSA material specifications compared to that used in design 
under the ACI or CSA Building Code requirements for 


reinforced concrete. The ASTM or CSA Standards for WWF 
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TABLE 2.1 


ASTM AND CSA STANDARDS FOR WWF 


CSA Standard 


CSA3G30.3 


CSA G30.5 


CSA G30.14 


CSANG30 .25 


Tele 


Cold-drawn Steel Wire for 
Concrete Reinforcement 


Welded) SteelwWWdre ‘Fabric 
for Concrete Reinforcement 


Deformed Steel Wire for 
Concrete Reinforcement 


Welded Deformed Steel Wire 
Fabric for Concrete Rein- 
forcement 
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specify yield strength as the strength measured at a strain 
of 0.005 whereas the ACI and CSA Codes for concrete design 
specify that the yield strength shall be taken as 400 MPa 
(60 kSi)or -the.value, corresponding to-a~strain-of 0.0035, 


if the latter value is available. 


The value of ultimate strain for wires obtained from tension 
tests has been shown to be substantially lower than that of 
conventional bars for the tests conducted by Wiss, Janney, 
Elstner and Associates (1969). Mirza and MacGregor (1981) 
have plotted the WJE data as a function of bar area as shown 
in Figure 2.1. Although the wires had yield strengths of 
approximately S15 to 585 MPa (75 te 85 ksi), the reduced 
ultimate elongation could be of concern for reinforced con- 
crete members where, at ultimate load, the wire would be 
subjected to tensions similar to those resulting from direct 
tension tests. The reduced ultimate strain could result in 
a less ductile member. A large reduction in ductility would 
be undesirable, as the design of reinforced concrete members 
is based on achieving ductile failures to allow advance 
warning of failure and to allow moment redistribution in 
structures designed to resist earthquake loadings. This 
concern was analytically investigated by Mirza and MacGregor 
(1981) who indicated that while slabs reinforced with welded 


wire fabric develop the anticipated ultimate flexural 


el 
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strength, they may not develop ductility comparable to iden- 
tical slabs reinforced with conventional rebars. Some of 
the assumptions and conclusions made by Mirza and MacGregor 
have been questioned by the WRI in a discussion written by 
Mr. A.B. Dove of Stelco (1982). Mr. Dove felt that design 
rules for welded wire fabric should not be based upon values 
of ultimate elongation. He also suggested that some of the 
low values for ultimate elongation result from wire failures 
in the grips of the testing machine. Further work will be 


necessary to clarify this question. 


2.2.2 Welded Wire Fabric for Shear Reinforcement 

The number of.~tests, conducted to Snvestigate the use of 
welded wire fabric as shear reinforcement has been limited. 
Leonhardt and Walther (1965) tested T-beams with shear rein- 
forcement consisting of mesh made of slightly deformed 
wires. The vertical bars in the meshes were between 5.0 mm 
and 10.0 mm in diameter and the spacing of these wires was 
between 50 mm and 200 mm. The diameter of the horizontal 
(or longitudinal) bars were between 4.0 mm and 8.0 mm and 
the spacings were either 225 mm or 250 mm. The mats were 
bent in a U-shape and enclosed the longitudinal reinforce- 
ment. The results indicated that mats with 50 mm to 100 mm 
spacing of the stirrups were best with respect to crack 
widths and web compressive stresses, During testing, slip 


of the upper anchorage of the stirrups was noticed. This 
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resulted in slightly lower ultimate loads than for equiva- 
lent beams with web reinforcement made from deformed, 
twisted bars. Tests to determine the behaviour of different 
types of anchorage were then conducted. The results are 


shown in the following section. 


Taylor and El-Hammasi (1980) carried out a testing program 
to investigate the web cracking behaviour of T-beams with 
welded wire fabric shear reinforcement. They concluded that 
welded wire fabric appeared to be suitable as shear 
reinforcement in these beams and that the use of WWF was 
Grrective™ Lrorrcrack "controlwgetThis eis) ins agreement. with, the 
results of the tests done by Leonhardt and Walther. Unfor- 


tunately, no ultimate load data is reported for these tests. 


Even though there has been only a small amount of research, 
WWF shear reinforcement is commonly used by precast and 
prestressed concrete manufacturers. The use of WWF as shear 
reinforcement is permitted by the ACI 318-77 Code. The 
deLrinitiron of s Cirrupst inmiGhap ter e2sof sthescode includes 
welded wire fabric (smooth or deformed) as one form of 
stirrup. Section 11.5.1.1 states that WWF with wires per- 
pendicular to the axis of the member may be used for shear 
reinforcement. The ACI code method of determining the shear 
strength provided by WWF shear reinforcement in beams is 


straightforward and is the same as for conventional stirrup 
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reinforcement. CodemSeicievonma?2.146 2748 desc ribes tthe 
anchorage required for smooth WWF stirrups. No similar 


clause was given for deformed wire stirrups. 


Limitations in the existing ACI code were pointed out by the 
Joint Prestressed Concrete Institute-Wire Reinforcement 
Institute Ad Hoc Committee on Welded Wire Fabric for Shear 
Reinforcement (1980). One important area requiring clarifi- 
cation was the development or anchorage of WWF shear 
reinforcement. This will be discussed in the following 
section. The Committee also indicated that the wire spacing 
requirements presented in Sections 3.5.3.6 and 3.5.3.7 for 
normal WWF mats should not apply in the case of WWF shear 


reinforcement. 


The Ad Hoc Committee, in addition to examining code restric- 
tions for WWF shear reinforcement, also explored the pos- 
Sebilstty Aor Cdeveloping@standard@sizes*oftethis = type Voft 
reinforcement. As a result, a rationale was presented for 
the acceptance of straight sheets of wire fabric as well as 
possible "standards" for this type of reinforcement. The 
proposed standards were for straight sheets of WWF anchored 
in both the tension and compression sides of the beam as 
follows: 

1. For smooth WWF, two longitudinal wires with a 


Nanimums spacino yofampinchées .(51aanm);ewathethe 
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inner wire not less than the greater of d/4 or 
2 inches (51 mm) from the mid-depth of the member. 
Zs For deformed WWF, one longitudinal wire not more 
than d/4 from the extreme faces, plus a develop- 
ment length above and below mid-depth in accor- 


dance with Section 12.8.2 of ACI 318-77. 


These proposals are summarized in Figures 2.2 and 2.3. The 
recommended vertical wire sizes for the WWF sheets are W2.9 
or D2.9 and W2.5 or D2.5 which are the most common in cur- 
rent practice. The most common spacing between vertical 
wires is 6 inches (152 mm) for W2.5 and D2.5 and either 
Geinches (152 mm) or 7.5 inches (190 mm) for W2.9 and D2.9. 
The use of W1.4 cross wires (i.e. horizontal wires) in the 
meshes was recommended. These cross wires were only pro- 


vided where needed for anchorage. 


The 1983 ACI Code will recognize the use of these meshes but 
will require anchorage as shown in Figure 2.4. Also in the 
1983 code, the spacing provisions¥in Sections 3.5.3.6 and 
3.5.3.7 of the existing code will not apply to welded wire 


fabric used as stirrups. 


2.2.3 Anchorage of Welded Wire Fabric Shear Reinforcement 
In order to develop the full strength of web reinforcement, 


properwanchoLrage sls very simpontant. However, until 
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2 HORIZONTAL CROSS-WIRES 
TOP AND BOTTOM 


ACI SECT. 12..14,1 
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AC! SECT. Bra 


FIGURE 2.2 - PCI/WRI Proposal for Single Leg WWF Shear 
Reinforcement - Smooth Vertical Wires 
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| HORIZONTAL CROSS-WIRE 
TOP AND BOTTOM 


ACI SECT. 12.14.1 
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(ACI SECT. (2.8.2) 


OUTER WIRE NOT ABOVE 
LOWEST MAIN REINFORCEMENT 


AC! SECT. 12 .14.1 
a/4 MAX. 


FIGURE 2.3 - PCI/WRI Proposal for Single Leg WWF Shear 
Reinforcement - Deformed Vertical Wires 
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FIGURE 2.4 - 1983 ACI Code Proposal for Single Leg WWF 
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recently, there has been little data regarding the anchorage 


of WWF shear reinforcement. 


In 1965, Leonhardt and Walther recommended types of compres- 
Sion zone anchorages for WWF meshes after testing different 
anchorages uSing slightly deformed 6 mm (0.24 inch) diameter 
stirrups. These recommendations are shown in Figure 2.5. 
No information was provided regarding anchorage in the ten- 
sion zone since it was assumed that the stirrups would be U- 


shaped and would enclose the longitudinal bars. 


The only section in the ACI 318-77 Code related directly to 
the development of WWF web reinforcement is in Section 
12.14.2.4 which specifies methods of anchorage of smooth 
welded wire fabric forming Simple U-stirrups. This anchor- 
age only applies in the compression zone. There are no 
specific rules for tension zone anchorage or for other cases 
involving the use of welded smooth wire fabric or for cases 
involving the use of welded deformed wire fabric. The 
requirements for development of WWF in tension in Sections 
12.8 and 12.9 of the ACI Code offer some guidelines and the 
specifications for anchorage of conventional reinforcing bar 


and deformed wire stirrups can be applied in some cases. 


In 1980, proposals for anchoring single sheets of both 


welded deformed and welded smooth wire fabric in the tension 
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pa 5mm(0.2in.) MIN. 


Pear MAX. NOTE: IF 2 Z 8mm(0.3in) 
be THEN USE 
‘WELD IT ARS 72 LONGITUDINAL BARS 
Az an oie DDINAL E FOR UPPER ANCHORAGE 
AS SHOWN: 


[5% 
MIN 
o 

| (Zin. 


OR 





LONGITUDINAL REINFORCEMENT 
INSIDE BEND DIAMETER Z 59, 


(a) ANCHORAGE WITH WELDED LONGITUDINAL BARS 


INSIDE BEND DIAMETERZ5 @, 






LONGITUDINAL BAR 
ea WELDED LONGITUDINAL BAR G2 0.7 % 


, 


(b) ANCHORAGE WITH 90° HOOKS BENT INWARDS 


INSIDE BEND DIAMETER Z 5 9, 







LONGITUDINAL BAR 


\> 





A, 


(c) ANCHORAGE WITH HOOKS BENT OUTWARD OR INWARD 


FIGURE 2.5 - Anchorage of WWF ~- Leonhardt and Walther 
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and compression zones were made by the PCI/WRI Ad Hoc Com- 
mittee, as described in the previous section. As a result, 
the use of shear reinforcement made from single sheets of 
WWF will be specifically permitted in the 1983 ACI Code. 
However, the method of anchorage has been modified from the 
Ad Hoc Committee proposals to require two cross wires, top 


and bottom, as shown in Figure 2.4. 


These trecent proposals help to clarify the problem “of 
anchorage, but testing is required to investigate the 
behaviour of beams with this type of web reinforcement. 
This thesis presents the results of tests of T-beams with 


shear reinforcement based on the PCI/WRI proposals. 
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CHAPTER 3 


BEAM SPECIMENS 


3.1 General 


The experimental specimens were designed to evaluate the 
behaviour of welded wire fabric web reinforcement in 
reinforced concrete T-beams and to compare this behaviour 
with that of identical beams having conventional deformed 
bag stirrups. Particular attention was given to the 
anchorage of the WWF web reinforcement and to the ductility 
of the beams. The beam dimensions were chosen to approxi- 
mate half of a full sized double-tee section. Ten beams 
were tested in this program. WWF shear reinforcement was 
used in eight beams and conventional stirrups were used in 
the remaining two. A summary of the web reinforcement for 
each beam is given in Table 3.1. TB 1totTB 8 had WWF web 
reinforcement while TB 9 and TB 10 had conventional 
stirrups. The layouts for the WWF meshes are shown in 


Brgupesss .in tor3. 3 


3.2 Beam Dimensions 

The design dimensions for the T-beams tested included a 
total depth of 508 mm (20 inches), a flange width of 508 mm 
(20 inches), a flange depth of 51 mm (2 inches), and a web 
width of 102 mm (4 inches). The effective depth, d, was 
445 mm (17.5 inches). The cross-section is shown in 


Figure 3.4. 
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Beam Number 


TB ie 
suey 
iNEh | 
TB 4 
Lot 
aves) 
LB ee), 
TB eG 
vy: ee) 
TB 10 


*Only this beam did not have the WWF web reinforcement 


LAB Ghar 


SUMMARY OF BEAM WEB REINFORCEMENT 


Stirrup Size 


W2.5 


D2.5 


W2.9 


D2.9 


P29 


D2Zi..> 


D2.9 


W2.9 


6 mm 


6 mm 


(smooth) 


(deformed ) 


(smooth) 


(deformed ) 


(deformed ) 


(deformed ) 


(deformed ) 


(smooth) 


(deformed ) 


(deformed ) 
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Type of Stirrup Anchorage 


2 horizontal wires 
top and bottom 


2 horizontal wires 
top and bottom 


2 horizontal wires 
top and bottom 


2 horizontal wires 
top and bottom 


exterior 
wire top 


exterior 
wire top 


interior 
wire top 


horizonta 
and bottom 


horizontal 
and bottom 


horizontal 
and bottom 


2 horizontal wires 
top and bottom 


180° hook around 
longitudinal bars 


180° hook around 
longitudinal bars 


centered in the web (see Figure 3.4) 
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6x6 — W2-9:1W2:9 
MESH 


25mm BARS 


(1 1/Bin.) 
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(a) eee Teel to TB 4 
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9mm (3/4 In.) 
29mm (1 1/8 in.) 
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(bb) TBS 


PICURE 5.4) — lvVpicalecross—oceCtions, OL Beam in Testing 
Program with WWF Web Reinforcement 
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The overall beam length was 4560 mm (179.5 inches). Two 
concentrated loads were applied so that the a/d ratio was 
approximately 3.0, where a was the distance from support to 


load and d was the effective depth. 


The actual beam dimensions varied slightly from the design 


values. The’ actual “dimensions “are “summarized “in ‘the 


Appendix. 


3.3 Shear Reinforcement 

3.3.1 Single Leg WWF Mesh 

The WWF web reinforcement was selected to conform to the 
recommendations presented by the Joint PCI/WRI Ad Hoc Com- 
mittee (PCI/WRI, 1980). The meshes used consisted of W2.5, 
D265) aw. Tho rep? soeverticalmwires@at 152 mm (6 inch) 
Spacings because these represent wire sizes and spacings 
commonly used by double-tee manufacturers. Both welded 
smooth and deformed wire meshes were used so that the 


behaviour of each of these could be investigated. 


The anchorage of the WWF was also made according to the 
proposals of the Ad Hoc Committee as shown in Figures 2.2 
and 2.3. Two horizontal W1.4 wires were used at the top and 
at the bottom for anchorage of the smooth wire meshes. The 
deformed wire meshes were anchored with either one or two 


W1.4 horizontal wires top and bottom. 
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The WWF meshes were made by a local member company of the 
WRI. The wires were manufactured from hot rolled rods which 
were cold-drawn to the specified diameters. The deforma- 
tions for the deformed wires were crimped into the wires 
using gears as the wire was being cold-drawn. The welds in 


the meshes were done by an automatic welding machine. 


The WWF was centered in the web of the beam except for TB 8 
where the mesh was offset from the web centerline by about 
12 mm (0.5 in.). Typical» cross-sections showing the. loca- 
tion of the WWF are in Figure 3.4. There was approximately 
20 mm (0.75 inches) of cover between the ends of the verti- 


cal wires and the surface of the beams. 


3.3.2 Conventional Reinforcement Stirrups 

The conventional rebar stirrup arrangement was selected to 
give approximately the same design value for Vs as for the 
WWF arrangements. The stirrups had a single leg with 
180 degrees hooks at each end and were made of deformed 6 mm 
(0.24 inch) diameter reinforcing bars manufactured in 
Sweden. The deformations were in the form of raised ribs 
which were perpendicular to the longitudinal axis of the 
bars. At the top of the beam, the hook was placed around a 


Suosmmn Now os) slong. tudinaLeDabsLOmltprovesstne anchorage. 
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The clear cover from the upper surface of the flange to the 
top of the hooks was about 20 mm (0.75 inches). The bottom 
hooks fit around the main longitudinal reinforcement. The 
stirrup spacing was 220 mm (8.67 inches) center to center. 
The orientation of the stirrups was alternated so that all 
of the stirrup legs would not be on the same side of the 
web. Figure 3.5 shows a typical cross-section with this 


type of stirrup. 


3.4 Main Longitudinal Reinforcement 

Two 25 mm (No. 8) bars were used for the main reinforcement. 
To ensure that a shear failure occurred, the beams were 
designed so that the flexural strength was approximately 1.5 
times as large as the shear strength. The main steel was 
anchored using 90 degree bends in the overhanging section of 


the beam. The reinforcement ralloynexss, was about 0.022. 


The center of gravity of the 25 mm bars was at the vertical 
centerline of the web for all of the beams. One bar was 
placed on each side of the web reinforcement in the beams 
that had the WWF located at the web centerline (beams TB 1 
to TB 7). For the other beams, the two bars were placed at 
the centerline, one above the other. This is illustrated in 


Figures 3.4 and 3.5. 
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FIGURE 3.5 - Typical Cross-Section of Beam in Testing 
Program with Conventional 6 mm Diamter 
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3.5 Flange Reinforcement 
Flange reinforcement consisting of 6 x 6 - W2.9 x W2.9 mesh 
was placed within the center 3050 mm (120 inches) of each 
beam at mid-depth of the flange. This reinforcement was 
intended to ensure that longitudinal cracks in the flange 
would not separate the flange of the beam from the web at 


failure. 


3.6 Beam Construction 

The beams were constructed in the laboratory at the Univer- 
SitytofiAdibertasr Thecreinforcingdcages were oput «together 
using tie-wire. Cement and plastic chairs were used to 
position the cages in the forms. The forms were constructed 
of steel and wood with a painted interior surface for pro- 
tection and to-give a smooth finish to the concrete. Two 
beams were cast at one time. The concrete was vibrated 
UStngeasiand edd Vibrator. Four batchessole concrete were 


required for each casting and three or four concrete test 


cylinders were made from each batch. 


The beams were covered with wet burlap and enclosed in 
plastic for approximately one week after they were made. 
They were then allowed to cure uncovered in the laboratory 
until the time of testing. The test cylinders were cured in 
the same manner so as to get a better representation of the 


actual properties of the concrete in the beams. 
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Figures 3.6 and 3.7 show the reinforcement layouts for two 
typical beams. Figure 3.6 shows the typical layout for TB 1 
to TB 8 with WWF web reinforcement. The only change in 
this layout would be in the location and number of horizon- 


tal anchorage wires. Figure 3.7 shows the layout used for 


Th =9sand TB 10. 


Some photographs of construction are shown in Figures 3.8 to 
3-10. }iFigure 3.8 shows! thesmeinforcement in place in the 
forms just prior to concrete placement. Figures 3.9 and 
3.10 show the reinforcing cages for TB 7 and TB 6 as well as 


the tying of the WWF to the main longitudinal reinforcement. 
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CHAPTER 4 


MATERIAL PROPERTIES 


4.1 Reinforcement Properties 

4.1.1 WWF Mesh 

The vertical wire sizes used in the WWF meshes were W2.5, 
D220, 0W 2-9 eand'D2.9.eeThne longutudinalswire wsize for all 
meshes was W1.4. The specified and measured dimensions of 
the wires are Summarized in Table 4.1. The measured area 
was determined from the weight of the wire specimen using 
the unit density of steel of 7850 kg/m3. The deformation 
dimensions were measured according to the applicable ASTM 


standards. 


As shown in Table 4.1, there was considerable variation in 
some of the wire dimensions for the deformed wires. How- 
ever, the average values for deformation spacing and height 
for the D2.9 wires met the specification requirements and 
the average measured area for this wire size was very close 
to the nominal area. The average height of deformation and 
the deformation spacing were larger for the D2.5 wires than 
for the D2.9 wires. The deformation spacing for the D2.5 
wire was slightly larger than the ASTM and CSA specifica- 
tions but the deformation height met the requirements of 
these specifications. Also, the average measured area was 


lower than the nominal area for this wire size. 
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The stress-strain curves and ultimate elongation were deter- 
mined from tension tests done using the vertical wires from 
the meshes. The initial portion of the curve up to a strain 
of 0.005 was obtained using an extensometer with a 51 mm 
(2 inch) gauge length and a load-strain plotter. A 203 mm 
(8 inch) gauge length using center punched gauge marks was 
used to obtain strain readings for the remainder of the 
curve as well as ultimate strain. The standard 254 mm 
(10 inch) gauge length was not used because of the short 


length of the test specimens. 


The tension test results are summarized in Table 4.2. The 
results from individual tests are shown in the Appendix 
along with test data supplied by the manufacturer. ie 
should be noted that all stress calculations are based on 
nominal area. Typical stress-strain curves obtained from 
tension tests are shown in Figure 4.1. These show the range 


Peetner results, 


Tests were done with and without welded cross-wires located 
between the gauge marks. In the former case, the welded 
cross-wire was located within the gauge length, approxi- 
mately 15 mm (0.6 inches) from one end of it.) the anitial 
portion of the stress-strain curve and the ultimate load 
were not affected when failure occurred at welded cross- 


wires in the specimen. Also, in the case of deformed wire, 
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the value of ultimate strain was unchanged whether failure 
occurred at or away from the cross-wires. The ultimate 
Strain of the W2.5 wire was higher when failure occurred 
away from the cross-wires than when failure occurred at the 
cross-wires. In the case of the W2.9 wire, no failures 


occurred at the cross-wires within the gauge length. 


Several test specimens failed either in the grips or outside 
of the gauge marks. Such tests were not considered when 
determining the ultimate strain, but the results for the 
Pnittal®portion “oLE@ the +stress—strain curve and ftor™ the 


ultimate load were considered to be valid. 


The smooth wire had higher ultimate loads and ultimate 
Strains than the deformed wire. This was partly due to the 
reduced cross-sectional area of the deformed wires at the 
deformation indents. The deformed wire specimens that did 
not fail at the cross wires failed at these deformation 


indents. 


Reduction in area meaSurements as specified in ASTM A82 
(CSA G30.3) were made using the smooth wire specimens. As 
mentioned by Mr. Dove (1982) in his discussion of the Mirza 
and MacGregor paper (1981), the reduction in area is a 
measure of the ductility in the wire. The reduction in area 


was between 55 and 60 percent for the smooth wire. This was 
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almost twice the specified ASTM and CSA requirement. On the 


other hand, the measured strains at failure ranged from 
Warepercent in thescase ofsthe D2.5awire to 2.8 percent in 
Ehemease of ithe W2.9 wiresindicatingmrelatively little 
quUCT IRE LCY.. There is no requirement in the ASTM and CSA 
Standards for reduction of area for deformed bars. No weld 


shear tests or bend tests were performed. 


4.1.2 Conventional Reinforcement Stirrups 

Thesstress—strain curve for the 6 mm (0.24 inch) diameter 
stirrup shown in Figure 4.2 was determined using the same 
test procedure as for the WWF wires. The cross-sectional 
area determined by weighing a sample of the bar was 
34.0 square mm (0.0527 square inches). Using this value for 
Buemoueeymithe «y#erde strength, ety iet oon 40 eee (69.2 ksi) and 


the ultimate strength, f.,,, was 659 MPa (95.6 ksi). The 


ultimate strain, yr Was approximate lye lSepenrcent. 


4.1.3 Main Longitudinal Reinforcement 

The 25 mm (No. 8) bars used for the main reinforcement had a 
yield strength, fv, of 348 MPa (50.5 ksi) and an ultimate 
strength fy" of 574)Mpa (83.3 ksi). All@calculationsgare 
based on the nominal area of 500 Square mm (0.78 Square 
inches). The ultimate strain, €yr WaS aproximately 15 per- 


cent. 
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4.2 Concrete Properties 

Two mix designs were used in the program. The mix design 
used in TB 1 and TB 3 had a compressive strength of approxi- 
mately 20 MPa (2900 psi) at the time of testing and the 
remaining beams used a mix design with a compressive 
strength of approximately 30 MPa (4350 psi). In both cases, 
the concrete was made with normal Portland cement and a 
maximum aggregate size of 10 mm (3/8 inch). No additives 


were used. The average slump was approximately 100 mm 


(4 inches). 


The compressive strength, £'., Young's Modulus, E, and’ the 
tensile splitting strengths for the concrete used in each 
beam are shown in Table 4.3. The concrete cylinders used 
for testing were 152 mm (6 inches) in diameter and 305 mm 
(12 inches) in length. They were prepared and tested in 


accordance with the applicable ASTM and CSA Standards. 
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TABLE 4.3 


CONCRETE PROPERTIES 


Young's 
Modulus 
from Test 


E 
MPa 


15900 
17400 


19700 
18600 
19600 
19500 


14400 
18200 


20800 
21700 


18100 
21300 


20800 
21300 
18700 
20400 


18800 
18800 
20300 
2300 
See TB 7 
See TB 2 


See TB 6 
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CHAPTER 5 


TESTING PROGRAM 


5.1 General 

The beams were tested using a two-point loading arrangement 
on a Simple span to give a region of constant shear (exclud- 
ing self weight) at each end and a region of zero shear in 
the center. The data taken during testing included load 
measurements, deflections at midspan and load points, slip 
of the web reinforcement, crack widths, and stirrup strain. 
The propagation of the cracks during loading was also 
marked. This data was considered to be the most important 
for the analysis of beam behaviour, beam ductility and 


anchorage of web reinforcement. 


5.2 Test Set-up 

The testing was done uSing a 6.2 MN (1.4 million pound) MTS 
testing machine which applied load from above the beam. The 
test set-up is shown in Figure 5.1. The actual shear spans 
varied slightly from the values shown in the figure. The 
actual a/d values are given in the Appendix. Figure 5.2 


shows a photograph of the test set-up. 


5.3 Instrumentation 
5.3.1 Load Measurement 
The load was recorded directly from the MTS machine. The 


beam point loads were one-half of this. During the testing 
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of TB 1, TB 3, TB 4 and TB 5, the load was recorded from the 
digital display on the machine but for the remaining tests 
the load was recorded directly by the NOVA computer. The 
machine could be read to the nearest 0.1 kN. At this load 


level, the machine was accurate to within es kN. 


5.3.2 Beam Deflection 

Deflection was measured at the midspan of the beam and at 
both load points using linear variable differential trans- 
Pomme bom VD1) witha@rangesotet) 75 mme(sminches). For 
Teepe, TS) Anand TB e5,the LVDL voltages was recorded 
using a digital voltmeter, but for the remaining tests the 


readings were recorded by the computer. 


Load-deflection graphs were plotted using the MTS plotter 
POrmsunecmroctseOt) (Beye bmo mtb, bso andel buss In these 
plots, the load was the MTS load and the deflection was the 
deflection of the MTS loading head. These graphs were made 
for comparison with the LVDT data and to monitor the deflec- 


tion at failure. 


5.3.3 Stirrup Strain Gauges 

Foil type electrical resistance strain gauges were used to 
measure stirrup strain. The gauge lengths were 1.5 mm 
COs 06u inches) sand@thesqauge slaclCons@were 97.0247 1.0 percent 


at 24°C (75°F). One gauge was installed at each location 
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where the strain was measured. The gauges were waterproofed 
and wrapped in tape for protection. The lengths of the 
wrapped portions averaged about 35 mm (1.5 in.). In order 
to get a smooth surface to mount the gauges on the deformed 
wire in the WWF, some of the deformations had to be ground 
down. This was done very carefully so as not to signifi- 


cantly reduce the cross-sectional area of the wire at the 


base of the deformation. 


The locations where the gauges were mounted are shown in 
Figure 5.3 for the beams with WWF and in Figure 5.4 for the 
Deansmwrteneconventironamwastirrups. @TB J °TBe2, TB 6, TB. 8 
and TB 9 had all 16 gauges while the other beams only had 
Gauges a5. .0 al O0mandarial. Not all of the gauges worked 


properly as some were damaged during construction. 


Figures 5.5 and 5.6 show photographs of some strain gauges 


installed on the, stirrups fin TB 9. 


The strains were recorded using a digital voltmeter for the 
testceot, TB 1, TB i3sand TB 5.eaescudd Strain Indicator was 
used to determine the strains for the test of TB 4. The 
strains were automatically recorded by computer for the 


other tests. 
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5.3.4 Stirrup Slip Measurements 

Dial gauges with an accuracy of 0.0025 mm (0.0001 inches) 
were used to measure stirrup slip. The base of the dial 
gauge apparatus was attached to the concrete beam and the 
stem of the gauge was placed so that it rested on the top of 
a stirrup wire. The slip was measured as the change in the 
dial reading. Photographs of the slip gauges are shown in 
Firgumesce.5 and: 5.8. Figure 5.9 shows a diagram of this 
arrangement. During construction, rubber hose was placed 
around the ends of the stirrups that were to be monitored 
for slip. This hose was removed before testing, leaving a 
space for the stem of the dial gauge. Lugs were brazed onto 
the 6 mm diameter stirrups near the point of tangency of the 
180 degree hooks to provide a suitable location for measur- 
ing thedresla pee lhicm1s shownsinerylgunrcmon mmenugs were 
also brazed onto the ends of the wire stirrups in cases 
where it would not otherwise have been possible to get a 
measurement. The locations and numbering for the slip 
measurements are shown in Figures 5.3 and 5.4. Slip was not 
measuredmatylocations 1). 2) ande3mi nel be2,yetemagand TB 5 in 
order to determine whether the absence of the slip measuring 
holes in the bottom of the beam had any effect on the crack 
formation. It appeared that these holes had no effect. aihe 
should also be noted that during testing several of the dial 


gauges used to measure the slip from the bottom of the beam 
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FIGURE 5.9 - Mounting of Dial Gauge Apparatus for Measuring 
SKeaseiabke: Silake) 
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fell off, so that readings could not be taken right up to 


failure. 


5.3.5 Crack Data 
The crack widths and crack growth were monitored during 


testing. Crack inclination was measured after failure. 


The crack widths were determined by comparing the width of 
the crack to lines of known width marked on photographic 
paper. In order to identify the cracks, the beam was split 
up into numbered segments marked by the location of each 
stirrup as shown in Figures 5.3 and 5.4. The crack number 
was determined by the location within the segment where it 
crossed a reference line drawn along the beam at 200 mm 
(7.9 inches) above the base. Thus, crack 6.1E crossed the 
reference line at 6.1 stirrup spaces from the east end of 
the beam. The crack widths were measured perpendicular to 
the direction of the cracks at the level of the reference 


line. 


The growth of the cracks was recorded by marking the end of 
the crack after each load step. Photographs were also taken 
of each shear span at various stages of testing and after 


failure to show the progression of the crack formation. 
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5.4 Test Procedure 

The data was taken and the cracks were marked at the end of 
each load increment. The load was kept constant while the 
readings were made. Bach of the two point loads was 
increased in increments of either 10 KN (2.25 kips) or 5 KN 
(1.12 kips) until close to failure, when smaller increments 
Ot .o KN (0.6) Kips) Or 1.0 KN (0.2 Kips) weremused. The 
tests lasted between two and four hours. The point loads 
were increased at an average rate of 30 kN/hour 
(6.7 kips/hour). A typical load vs time plot is shown in 


Birguces5. 10. 


Pteshiould be noted that) TB 3 was ianitiallyeie@aded up to 
ASIONS( Osc LpS )rein the first, load sstep.enuae )40a0 ewas 
removed and the test was re-started but inclined cracks had 


already formed. 
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CHAPTER 6 


BEAM TEST RESULTS 


6-1 Behaviour of Typical Beam with WWF Web Reinforcement 
6.1.1 Introduction 

The gpurpose of #thils section is to describe nedetail the 
typical behaviour of the test beams with WWF web reinforce- 
ment using the results of two particular beam tests. Beams 
TB 2 and TB 4 were considered to be the most representative 
of the typical behaviour and one or the other is used for 
the descriptions in each of the following sections. A 
comparison of the results from all the beam tests is made in 


Section 6.3. 


Pho Begwmapnics Otest hare manda haa Gumingmeltoadingmand after 
failure are shown in Figures 6.1 to 6.18. Beam TB 2 failed 
ace ORKNE OLS c7mek ips)! anda (BR 4ataliledsatmam! oad sor 80" kN 
(18.0 kips). The WWF web reinforcement in TB 2 had D2.5 
vertical wires at 152 mm (6 inch) spacing while TB 4 had 
D2.9 vertical wires with the same Spacing.  In)boOth cases, 
the WWF mats had two horizontal cross-wires top and bottom. 
It should be noted that TB 4 failed immediately after all 
measurements were taken at the 80 KN load level while TB 2 
failed as measurements were being taken at the 70 KN load 


level. 
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FIGURE 6.1 - Cracking in east shear span of TB 4 
at P = 30 kN 





FIGURE 6.2 - Cracking in east shear span of TB 4 
at P = 50 kN 
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FIGURE 6.3 - Cracking in east shear span of TB 4 
at ultimate load (P =—noOPKN) Switch 
bake 
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FIGURE 6.4 - Cracking in east shear span of TB 4 
after testing with strain gauge 
locations shown 
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FIGURE 6.5 - Cracking in west shear span of TB 4 
at P = 30 KN 





at P = 50 kN 
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FIGURE 6.7 - Cracking in west shear span of TB 4 
at ultimate load (Pit =—— 60 KN) with 
crack numbers shown 





FIGURE 6.8 - Cracking in west shear span of TB 4 
after testing with strain gauge 
locations shown 
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FIGURE 6.9 - Cracking in pure moment region of 
TB 4 after testing with crack 
numbers shown 
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FIGURE 6.13.- Cracking in west shear span of TB 2 
after testing with strain gauge 
locations shown 
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FIGURE 6.16 - Cracking in east shear span of TB 2 
at ultimate load (Pit = 70 kN) with 
crack numbers shown 





FIGURE peda - Cracking in east ayer span OLS 2 
after testing with strain Sie 
locations shown 
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FIGURE 6.18 - Cracking in pure moment region of 
TB 2 after testing with crack 
numbers shown 
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6-1.2 Crack Formation in Shear Spans - TB 4 


At failure there were 11 cracks in the two shear spans of 
TB 4 that crossed the reference line drawn at 200 mm 
(8 inches) above the bottom of the beam. Six of these were 
in the east shear span (Figure 6.3) and five were in the 
west shear span (Figure 6.7). The west shear span was the 
failure span. Three of the cracks in the east shear span 
and two in the west span developed into inclined cracks that 
extended upwards beyond the centroidal axis of the uncracked 
section. The numbers assigned to these inclined cracks are 
shown in Figures 6.3 and 6.7. They were numbered according 
to where they crossed the reference line as explained in 


SEC ON 5nd Dic 


The first cracks to form in each shear span were short 
vertical flexural cracks which started from the bottom of 
the beam and extended up to approximately the top of the 
main reinforcement. As the load was increased, a few of 
these cracks extended beyond the reference line. In 
general, however, the flexural cracks did not extend beyond 
the, levels of, the top of wtheagmaim reanftorncement. Elthe 
presence of the holes in the bottom of the beams used to 
measure the stirrup slip did not appear to have any effect 


on the locations where the flexural cracks formed. 
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PomiLNewLOadmincreasea from 300tor40 KN (6.9. 60 19-0. K1Ds } 
some inclined cracks were formed in the web and as the load 
increased further, more inclined cracks began to form. Most 
cracks, suchas! 62m, 7.38, 10-2E and 5.8W formed in the 
region between the top of the main reinforcement and the 
centroidal axis of the uncracked section and then propagated 
up to the web-to-flange transition as the load increased. 
Other inclined cracks such as 8.3W and 9.6W also formed in 
this manner but they formed as extensions to existing 
PmieciGale cracks... AllsOLutneseminclinedecracnscawWwenes cOn— 


Sidered to be "flexure-shear" cracks. 


The cracks that formed closer to the load point were steeper 
than those farther away and all cracks tended to be steeper 
below the centroidal axis. Also, in most cases, the initial 
inclined cracks were relatively steep and subsequent cracks 
were flatter. In the east shear span, crack 7.3E propagated 
up to the web-to-flange transition at a load of 50 kN 
(Ti.2 Kips). This crack crossed the reference Jane at an 
angle of approximately 60 degrees with the horizontal. As 
tCheseload increased, Ups tow GOs KN® (13.50 ks DS), moment a ttler 
inclined crack, 6.1E, formed on the support side of 7.3E and 
Joined the upper portion Of Wit. | ThestlalLterscrackehad van 
inclination of about 50 degrees with the horizontal at the 
level of the reference line. The average inclination of 


7.3E and 6.1E were 43 and 29 degrees, respectively. 
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The average inclination of the cracks was determined as 


follows: 


Gayg = tan7L (228) 


where: 
“avg = average inclination measured from the horizontal 
G = horizontal projection of the crack between the 
top of the main reinforcement and the bottom of 
the web-to-flange taper (mm) 
318 = the vertical distance in mm between the top of 


the main reinforcement and the bottom of the 


web-to-flange taper 


This method was used because the stirrups crossed by this 
portion of the cracks were most effective. Also, there were 
large variations in the actual inclination along the cracks 


so the average inclination was better for comparison. 


The average inclination of the cracks in TB 4 ranged from 
29 to 56 degrees. The average inclination of the failure 
crack, 5.8W, was 35 degrees so it had a horizontal projec- 


tion of 456 mm. This was equal to 1.02 d. 


The inclined cracks crossed the reference line in the range 


from location 5.8 to location 10.2 (see Section 5.3.5). 
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There did not seem to be any pattern as to where they formed 
but there was at least one inclined crack in each half of 


each shear span. 


Secondary cracks formed along the main reinforcement at the 
lower ends of the inclined cracks in the same load range 


that the inclined cracks were propagating up to the flange. 


As the load approached ultimate, the flatter inclined cracks 
widened and more secondary cracks formed. Finally, at the 
failure load, crack 5.8W propagated up through the flange to 
the load point. It simultaneously propagated along the main 
reinforcement sa ane down to the bottom of the beam near 


the support as shown in Figure 6.7. 


6.1.3 Inclined Cracking Load — TB 2 

imethis)testing program, ansnexactyvalkuesofythe inclined 
cracking load was not obtained. However, the load range 
corresponding to the testing load increment in which 
inclined cracking occurred was determined both from the 
crack pattern and from the strain gauge readings on the web 


reinforcement. 


Two estimated load ranges for inclined cracking were 
obtained from the crack patterns of the beams. In Method 1] 


this was determined from the load range in which a crack 
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crossed the centroidal axis of the uncracked beam, 322 mm 
(12.7 inches) above the bottom of the beam, at an angle of 
a5-degrees or less at®that location. “With this method, It 
was possible for the lower portion of the crack to be rela- 
tively steep even though it had the proper angle at the 
height of the centroidal axis. The estimate for Method 2 
was obtained from the load range in which a crack with an 
average inclination of approximately 45 degrees or less 
first extended from the main reinforcement to the web-to- 
flange transition. The average inclination was determined 
as described in the previous section. The inclined cracking 
load for a beam with no web reinforcement is considered to 
be the failure load. One of the load ranges determined from 
these two methods would probably have been the failure load 


range if the beams tested did not have web reinforcement. 


Using the stirrup strain, the inclined cracking load was 
determined” froms theseload range “in? which™a "significant 
increase in strain first occurred. Before inclined crack- 
ing psthe. stirrups? would notj*beprequired *towcamrysload,- soy 
once the stirrup strains started to increase it was assumed 


that inclined cracking had taken place. 


In the east shear span of TB 2 (Figure 6.14), the load range 
for inclined cracking using Method 1 was determined to be 20 


tow301KN 14.5 8tom6.7 Kips) metic Wace cicmlLoad™ range |in 
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which cracks 8.4E and 5.4E crossed the centroidal axis 
making angles of 29 and 38 degrees, respectively, with the 
horizontal at that location. Using Method 2, the inclined 
cracking load range was estimated to be 30 to 40 KN (6.7 to 
9.0 kips) which was the range in which crack 8.1E formed 
with an average inclination of 42 degrees. From the stirrup 
strains, the inclined cracking load range was between 20 and 
30 KN (4.5 to 6.7 kips) as determined by strain gauge 5 on 
Ser sup airs which) wasecrossedsbyicracknumbera.s. 1B. ‘This 


location is shown in Figures 6.16 and 6.17. 


In the west shear span of TB 2, the inclined cracking load 
range using Method 1 was estimated as 20 to 30 KN (4.5 to 
Gaviak bps). This was determined from crack 8.4W which 
crossed the centroidal axis at an angle of 36 degrees. The 
load range using Method 2 was 30 to 40 KN (6.7 to 9.0 kips) 
and was determined from crack 8.4W which had an average 
inclination of 43 degrees. From the stirrup strains, the 
estimated inclined cracking load range was 20 to 30 KN (4.5 
togG.7pkips)fromsisitrain gauge eljieon Stismnupe5W: This 


stirrup was crossed by crack 5.9W (see Figures 6.12 and 6.13). 


All of these estimates were below the value of Ve = 44.4 kN 
(10 kips) calculated using the ACI and CSA Code equations. 


A summary of the estimated inclined cracking load ranges for 
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all the beams and comparisons to the ACI and CSA value for 


Vorore Given in Sectilony6e3: 


6-1.4 Crack Formation in Pure Moment Region - TB 4 

As expected, the cracks in the constant moment region were 
generally vertical flexural cracks which ‘started at the 
bottom of the beam and propagated upwards during testing. 
The longest cracks extended approximately up to the level of 
the neutral axis. Several cracks formed above the main 
reinforcement without starting at the bottom of the beam. 
GCraeck l4-5Westarted in thissmanner butte eventually 
extended to the bottom of the beam. Crack 13.4W, however, 
did ‘not extend to” the *bottom’. In this case, the main 
reinforcement probably acted to confine the crack and 


prevent it from opening. 


6.1.5 Mode of Failure - TB 4 

The failure of TB 4 was a diagonal tension type failure. As 
the beam was loaded, inclined flexure-shear cracks formed in 
each span. The flatter of these cracks widened as the load 
was increased. At failure, one of the wider cracks propa- 
gated up to the top of the flange at the load point and down 
to the bottom of the beam at the support. The failure crack 
widened, the beam began to deflect rapidly and the applied 
load dropped off immediately. As the failure crack widened, 


the segment farthest from the support dropped down relative 
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to the segment closest to the support. This caused the 
flange to kink in the region near the load point. MTrans- 
verse cracks formed across the top of the flange at the load 
point and also in the region between sections 7W and 8W as 
shown in Figure 6.7. A longitudinal crack along the center 
OFS the top of the flange also formed between sthese two 
transverse cracks. There was no evidence of concrete crush- 
ing after failure. In this beam, the failure crack was 5.8W 
in the west shear span. Failure occurred immediately after 
the measurements were completed at the 80 kN (18 kip) load 


level. 


The upper end of the failure crack propagated along the web- 
to-flange transition before entering the flange near the 
loading point. 2fhis horizontal portion of the’ crack crossed 
above the horizontal cross-wires used to anchor the stirrups 
in this region. Therefore, as the segment of the beam 
Garmthest Lrom  thessupportsdropped in relvationstouthe other 
segment, these stirrups were no longer anchored in the 
fHirange wand scOuldsnotrcalLbymanye OddmacnOSs suncmc Gach. saan 
photograph of how this portion of the failure crack formed 


above the anchorage is shown in Figure 6.19 for TB 2. 


Thesstailiune sclracki rls lB 4mcroSSCOMLOULEES Ulan pseu ne ene 
region between the top of the main reinforcement and the 


web-to-flange transition. Stirrups 5W and 6W were crossed 
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FIGURE 6.19 - Failure crack above exterior anchorage 
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85 
in the middle region of the beam. Both of these stirrups 
were well anchored above and below the failure crack and as 
the failure crack widened, they yielded and fractured. 
Stirrup 4W was crossed near the top of the main reinforce- 
ment and stirrup 7W was crossed near the web-to-flange 
transition. These stirrups did not fracture because their 


anchorages were damaged and they were not able to develop 


enough load. 


The lower portion of the failure crack propagated along the 
top of the main reinforcement for about 250 mm (10 inches) 
along the secondary cracks that had formed. Pee then 
extended to the bottom of the beam near the support. The 
stirrups in this region did not develop enough load to 
fracture. This was probably due to the reduced effective- 
ness of the anchorages resulting from the large amount of 
cracking near the anchorage or due to damage caused to the 
anchorage at failure. This will be discussed more fully in 


Sections 6.1.8 and 6.3.6. 


6.1.6 Crack Widths - TB 4 
There was no well defined relationship between inclined 
crack width and load. The flatter inclined crack, however, 


widened considerably more than the others. 
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In the west shear span of TB 4, crack 5.8W was 1.78 mm 
(0.070 inches) wide at the load step prior to failure. 
Crack 9.6W was steeper than 5.8W and at this same load step 
Mtenad alwidth Of 0.28 9mm (0:011 inches). Crack 25.9" 
widened considerably with each load step while 9.6W widened 
more Slowly. The other cracks that crossed the reference 


line in this shear span did not widen during loading. 


injsthes cast .shean ispan, theswidths-offscnacks 10.2E;. 7.cEs)and 
Gel at thesload step, priorsto-fallure weres0:25 mmui0.010 
PMHehnes), sOehS mm 0.00 deinches)sand.0.6d,mmi40s024eamches, , 
respectively. Crack 6.1E was the flattest inclined crack. 


Crack. 7.3E widened only: until.crack 6.1E;joined up with it. 


As the load approached ultimate, it was clear from the crack 
wWictnS ithat eitherwcracks5.8W One crack 6 .jlEEwoul dibbe tthe 
failure crack. Crack 5.8W became considerably wider as the 


load increased and it ultimately caused the failure. 


Gulia? miStCirrupAStralns =a 7Be2 

Thesstinnup<strain was negligible wunta lehthe gstir nupkwas 
crossed by a visible inclined crack. The strain then 
increased significantly and continued to increase as the 
beam was loaded. In some cases, the strain did not begin to 
increase until the load step after that during which the 


stirrup was crossed by a crack. As mentioned previously, 
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the load range in which the strain began to increase sSig- 


nificantly was used as an estimate of the inclined cracking 


load. 


In TB 2, 16 strain gauges were installed but only 11 gave 
reliable readings. Four of these were in the €ast shear 
Span (gauges 2, 5, 6 and 7) and seven in the west span 
(gauges) 9, 10, 12, 13, 14, 15 andele). “Two gauges were 
mounted on each stirrup that was monitored. These gauges 
were located as shown in Figures 6.13 and 6.17. Figures 
6.20 and 6.21 plot stirrup strain versus load using the 
strain gauges that gave the highest readings for each 
stirrup monitored. Strain gauges 14 in the west span and 5 
in the east span recorded the largest strains. These gauges 
were installed on well anchored stirrups that were crossed 
by the widest inclined cracks in the region between the top 
of the main reinforcement and the web-to-flange transition. 
Because these stirrups were well anchored on each side of 
the cracks, they were able to develop larger loads, as was 
borne out by the measured strains. The gauges that gave 
lower readings were located on stirrups that were either 
crossed by narrow inclined cracks (gauge 10 in Figure 6.13) 
or they were crossed by the wider inclined cracks in the 
regions near the web-to-flange transition (gauge 7 in 
Figure 6.17) on near the mains reinforcementaigauge, 15sin 


Figure 6.13). 
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If the yield strain of the vertical wires is taken as 0.0035 
as given in the ACI and CSA Codes, then the OMly gauges tnat 
measured a strain larger than yield prior to failure of the 


beam was gauge 14. Strain gauge 5 gave a reading that was 


very “close™to¥yield: 


Stirrups 4W, 5W, 6W and 7W, fractured when the beam failed. 
Sperarup SW started toPhyvelldattatvthe MWoaderstepeiprior © to 
failure as indicated by the reading from strain gauge 14. 
It was not possible to determine whether stirrups 4W and 6W 
were yielding prior to failure because they were not instru- 
mented. In the case of stirrup 7W, strain gauge 12 did not 
show a reading near yield at the load step prior to failure. 
However, this gauge was located approximately 40 mm 
(1.5 inches) below the interior anchorage wire at the top of 
the beam whereas the stirrup fractured approximately 25 mm 
(1 inch) above this anchorage wire. It is probable that 
this stirrup had a higher strain near where it fractured 
than it had at the location of strain gauge 12. This sug- 
gests that the cross-wire was an effective anchorage for the 


stirrup wire. 


The efficiency of the bond between the concrete and the 
deformed wire stirrups can be estimated from the difference 
in the readings from two gauges installed on the same 


stirrup in cases where a crack crossed either above or below 


Bs 
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both gauges and not between them. This occurred for gauges 
Depo UGeeG sand Gauges esl Ss andwd6esine TR 2. ThemdaLEerence 
between the strain readings for these gauges as shown in 
Figures 6.22 and 6.23, répresents a change in wire stress 
due to bond or friction. In each case, the strain gauge 


with the largest reading was closest to the crack. 


Gauge 5 was located approximately 70 mm (2.7 inches) from 
the crack and gauge 6 was approximately 180 mm (7.1 inches) 
away. The basic development length of D2.5 wire given by 
ReImcode Section 12.2.2 18 137 mm (5.4 inches) §ifithe 200emm 
(8 inch) minimum value is neglected. The bond length 
between these two gauges was between 50 mm (2 inches) and 
75 mm (3 inches). This was less than the 110 mm (4.3 inch) 
spacing between them because of the protection that was 
wrapped around the gauges. If the stirrup was well bonded 
over this length, then the difference in stress between the 
gauges should have been about 180 MPa (26 ksi) at a load of 
40 kN (9 kips). However, the difference in strain corre- 
sponds to a difference in stress of only 35 MPa (5.1 ksi) or 
approximately 20 percent of that expected from the ACI Code 
procedure. This suggests that the bond was relatively poor 


inechis case. 


A similar situation existed in the case of strain gauges 15 


and 16. Gauge 15 was 50 mm (2 inches) from the crack while 
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gauge 16 was 110 mm (4.3 inches) farther away. The differ- 
ence in strain at a load of 60 kN (13.5 kips) corresponded 
to a stress reduction of 100 MPa (14.4 ksi) which was much 


less than the expected value. 


6.1.8 Stirrup Slip and Anchorage Failure - TB 4 

The graphs of load versus stirrup slip were very similar in 
Suapes to the graphs of @load vemcus stirrup) strain. emne 
measurements were negligible until inclined cracks formed 
across the stirrups. The readings then began to increase 


and continued to do so as the beam was loaded. 


Slip gauges 4 to 12 were installed on TB 4 and measurements 
were taken at each load step up to and including the 
failure. The load versus stirrup slip graphs appear in 
Figures 6.24 to 6.26. The reading at the failure load was 
taken while the beam was still stable before the failure 
Crack began to open. No readings could be taken after 
failure either because the slip that occurred was too great 
or because the gauges became unseated. Slip gauge 12 fell 


off at the load step prior to failure of the beam. 


The largest slip measurements occurred at the stirrups which 
were crossed by the inclined cracks either in the region of 
the top or bottom cross-wire anchorage. The readings in the 


failure span were generally larger than the readings in the 
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98 
other span. Damage to the anchorage was evident after the 
beam failed on the stirrups crossed by the failure crack in 


the region near the anchorage wires. 


The largest slip measured before failure was 1.37 mm 
(0.0539 inches) at slip gauge 9 on stirrup 7W (see Figure 
53). Theverarvlurescrack crossed jthis stirrup near the 
interior cross-wire of the top anchorage. This cross-wire 
fractured at the weld to the stirrup as the failure peeves 
widened and the segment of the beam furthest from the sup- 
port dropped. The weld at the exterior anchorage also 
failed. The stirrup was no longer anchored above the 
failure crack so it simply pulled out of the flange. At the 
load step prior to failure, the dial gauge reading began to 
increase even though the load remained constant. This creep 


was a good indication that the ultimate load was close. 


At stirrups 8W and 9W, the failure crack crossed above both 
anchorage wires at the top of the beam. The slips measured 
Juste prior to -Pailure were* 1.01  mm"(0°50398 "inches) and 
0.32 mm (0.0124 inches), respectively. Because these 
stirrups were not anchored above the failure crack they 


pulled out of the flange when the beam failed. 


Stirrup 4W was crossed by the failure crack near the level 


of the main reinforcement. The slip at this location was 
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ORyvaemmr (O03 l2einches)mejustsbetore failure, ~At failure, 
the interior cross-wire at the bottom anchorage fractured at 
the weld to the stirrup as the segment of the beam furthest 
from the support dropped relative to the other segment. The 
exterior cross-wire also fractured at the weld and the weld 
at this location failed. This can be seen in the photograph 


in Figure 6.27. 


Stirrup 5W fractured at the location where it was crossed by 
the failure crack approximately 100 mm (4 inches) above the 
interior cross-wire for the bottom anchorage. There was no 
damage to the anchorage above or below the failure crack 
and, as expected, the slip reading measured from the bottom 


of the beam was relatively small, 0.10 mm (0.0041 inches). 


In the east shear span, the slip measured was largest at 
SGUCnuyomy Eeandmotr mss 4 me O. Ol Sominches mands 0.37 mm 
(0.0144 inches), respectively. These stirrups were crossed 
bveinclined cracks inear their top’ anchorage ss otirrup: 9B was 
crossed by an inclined crack in the middle region of the 
beam and, as expected, it had a low slip measurement of 


0.07 mm (0.0029 inches). 


6.1.9 Deflection —- TB 4 
The load versus centerline deflection graph for TB 4 is 


shown) in Figuce: 6.20. slniesguaphecansbesbroken into three 


_ . 2 | _ Me. i . 
5 a 


. 
= 
_ 











, | - : : 
ae ma he an 
~sauiie? 24. -etvtist exoted tevt (aero 


a6 bertonn3 avetodong mogiod 243 36 othw-en0%e 
7 
feaqcleeut assed of) 20 Ihemece Sid..2% quazise 9 id 03 


a 
at? .drompean tedso ode OF evldstor beqqotb, rogue « 
iiew add bas blow ed Je beeysoes? onls oxtv-secms 

: an 


: es 
dgaxposotig elt ni neee od aso alct belie? notseoel @ c 













ive: = 


: > 
‘a qip #ew sk szeriw polsanel eft 3a bevesoss2 We @ 
: ; ‘ 
séu (aedont ») am 002 yYletemixorgae aong> Sau 
i ee! 
Mi 26 f1ecT ape ora ro2zg0d af tol otter ois ct 
' 


me & 
ANGI ' J I Sf \ i. 2G 10 SVOdA spsi9clonse odd ° = pe i 
‘5em phibser gile edd ,bstosqee es) \ bee 


—- . * A ¥ . 7 > a 
fi ( [.0 ,lieme vilevidslaez eaw nsod oda 20 


> 


rei saw borues gila off .neqa 2z60erne seas ads: n 


irs teoront *£££0.0) mar EO 988 —— ije 


Be2zZ0so s39w ecu ‘2 ssed? ,ylevlisosqees seston nsec 
26w 2@ qusizise ypsvredoas god sleds isef etoeuD beat font : 


e082 te nelpos sibbia ate nt Aocaxzs bealiou! as ales O25 


uel 
Ye 













96 dnemeruesem qits 


_. a. 


wol s Bed 42 .59799Gx9 BB) \BNB 





100 





FIGURE 6.27 - Damage to anchorage at bottom of 
failure crack in IB 4 
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102 
sections. The initial portion of the graph from 0 to 10 KN 
represents the uncracked region. The calculated cracking 
moment for this beam is approximately 19 kN/m (14 ft./kips) 
which corresponds to a load of 13.8 KN (3.1 kips). After 
the cracking load, the rate of deflection increases. The 
Slope of the second portion of the graph between 10 and 40 
KN is relatively constant. This corresponds to the load 
stage between the flexural cracking load the the inclined 
Grecking load: In the final portion of the graphs from 
mvcwained Cracking stortallmure, tnemrate sor eden lection 


increases again. 


The estimated deflection calculated using the procedure 
given in the ACI and CSA Codes for immediate deflection is 
also shown in Figure 6.28. These values agree quite well 
with the experimental results up to approximately the 
inclined cracking load. After this, the experimental 
deflections increase at a much higher rate. Adding an 
estimate of shear deflection (shown by horizontal line in 
Eigure 6.29), Such as that given by ParkvandsPaulay a1 9 5), 
to the estimate obtained from the Code equations, results in 
aabetter prediction Ofsactualeresults. el Us seODVlOouUssLLOm 
this graph that the formation and widening of inclined 
cracks has a significant effect on the deflection of the 


beam. 
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6-2 Comparison of Beam Strength 
Comparisons of the beam strengths obtained from the tests 
with those calculated using the various procedures outlined 
in Chapter 2 are given in Table 6.1. The beams have been 
categorized according to web reinforcement ratios, r = Ay. 
ae 
The value Vu,test “as the shear resulting from the point 
loads applied to the beam from the MTS machine. The beam 
self-weight was neglected. In calculating the strength of 
the beams, the yield strength of the wires in the WWF sheets 
was the stress measured at 0.0035 strain. No strength 


reduction factors, £, were used for any of the calculations. 


In the Haddadin et al approach, the value Vv, Was calculated 
uSm@ngG REQqUation 2.10. For the Placasand Regan approach, 
Equation 2.12 was used. The ACI Code estimate was calcu- 
Batedecrom Hquations 2.26ands2.3.6 For thes fountnvestamate, 


Equations 2.8 and 2.3 were used. 


For the beams with the WWF web reinforcement, the best 
estimate of beam strength, using the four approaches 
described above, was calculated using the ACI (or CSA) Code 
approach. Each of the other procedures over-estimated the 
strength of the beams. The procedure outlined by Haddadin 
et al predicted strengths approximately 915 "to 30Rpercenc 


higher than those obtained. However, this procedure was 


developed from tests of beams with b/by < 3-5 whereas the 
























atenows anoet 


. : - Bar ¥ 
ajass adi mor? unaceaie’s edsiprimne nae 9 at ee quo 


baniitun sewbeouta aboluay sf7 gored petetval Bo) 9 ond daiw 


AD. 


read svad erisea sit «L.@ ode a at aevip, ache RS id ig al 
rh . ¥ 2otis’ reese Luk an 3o3aL9 Z qaeaw o2 paibrenss —— 


4 : - tw 
3 Me : 

7 fantoea eds 5432 oentsluaey veasne 9 BS Bw 4 
al a? “a 1, E £ jnas, y¥ sulev + 


oT snidosm STM sds moxa ac ett of beilage ab OL 
a9, < aaa ‘aa 
d¢pnevte es poritslwoles nl .besoeipen sav jiglew~Ilee 
ajseda INW add nt eertw eft Yo d3gnevsa OLety ene tes - 
‘se 7 
djpnesxsz2e ob ilettea @£00.0 28 beaveaSR Se sexta ons 2aw 


jeftwoleo say 1 no 10% beau etaw ,& yaTvoFos7 nottoubs 


7 
— —" - 


fetaiucisS asw .v eulsv sft ,apeewgqs ie de nibebbas odd a 


,A5s8079045 | Bus ascoald add? 2" -OL.8 noljisups onitew 
° har - 
_ 
-yol . a 903 ‘4 eft 6990 easw $1.5 AGLIBUB 
f *q t 
‘ 3 °.S bas $.8 ancisaupd mow basal = 


con . 
been stow €.2 Bos 8.8 enotzeupe 


aS 1 ’ 


ie Ae 
gasd $44  Snemeotctaies dew IWW ont Aelia amsed ord Ie 
» fa ie itr 
S@Sadose7qgs wok eft pnieuv ,dt+pnesse msed Id ot 6 ad : 


J 


$809 (AZD 20) IDA oid ertlen beisluotes asw revoda, bedias nob 


gat et 










Sssemises-revo ao1uhbecomg a eR 


hg st? 0 iehencst oft wee ned 

af 55a 
of 21 piety ‘ad ene: 
ry ee HF ial 


=) 


104 


Ssteq wll g9 TOF PoTe poinsesul uO puke SoeATTM JO} ware TeuTWOU UO paseg (T 


rele 
can 


poy jew YON | Atoba ,eD 
epod IDOW ueboy qom ueoeg 
| uebay pue 97p 8 SePOPTd | UTpeppeH jo 
y¥ seoeTd | ‘umoD TOV-gaosv odAL 





OTeo‘n 
T A 


so3/n 
Wor'NA HLONTULS GALOIGHd AM GAGIAIG HLONAILS LSAL JO OILLwu 


I~ 9 -f1eawd 









| a” 


> - ie sear 7 e. Y 


_ 


aac > ; 

= - - 7 - { - Ss a _ > 

hc MTOWGNT2 GETOICers Ya ‘qucivia wrowaaTa Tes? 40 

deste” > ncn ae » * > 
a ¥ : 7 7 


~ te 
* 





4 a a eae: 

% asonit| atbsbheh |} y paren 
abo? nepsh te Jeo? wu “ol tne 
ofsoM | txntior bori tem wa 


$ |  Sortvor | Borie ie 


.mmo) TM-IDZA 
Bas osh 




















| c ot | ee 4% | ie { 


a ne ee ee enn ——— Sr : 


ee 


ee 


nme eee 


Mion ; i) * 
sted a 32 101 sets botivetem no bse aeosiw 2 seis 


105 


beam tests done for this program had D/ Diy 5s eee Ot Ne Ts 


two procedures over-estimated the beam strength by between 5 


and 15 percent. 


The strength of TB 7 was lower than the other beams in this 
category because the web reinforcement was not anchored as 
well as in the other beams. The WWF sheet in TB 7 had D2.9 


Vertical wires with only —the-=interior cross-wires for 


anchorage. 


For the beams with the conventional 6 mm diameter stirrups, 
the best estimate of beam strength using these four 
approaches was given by the Placas and Regan procedure. The 
procedure using vg from the ACI-ASCE Committee 426 equation 
and V~< from the ACI and CSA Codes also gave a good estimate. 
The existing ACI and CSA Code approach under-estimated the 
beam strength while the Haddadin et al approach over- 


estimated it. 


The only procedure to give conservative estimates of beam 
Strength for each of the categories was the existing ACI and 
CSA Code approach. However, as the web reinforcement ratio 


decreased, the predicted strength became less conservative. 


In the Haddadin et al approach, the web reinforcement is 


1.75 times as effective as that given by the ACI and CSA 
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Codes. This was not evident from the tests conducted in 


this program. The ratio Vi tactmevc ACT o> obtained from 
iG oy 


Equation 2.10 is used as a measure of the effectiveness of 
the web reinforcement. For category 1 from Table 6.1, the 
average value of this ratio was 102. The corresponding 
values for category 2 and category 3 were 1.27 and 1.48, 


respectively. The test results for TB 7 were neglected. 


The Placas and Regan approach assumed that the angle of the 
failure crack was about 26 degrees. The average value for 
the average inclination of the failure cracks for the beams 
tested here was approximately 37 degrees. If Equation 2.16 
is adjusted accordingly, then the results are much better as 


shown on the second last column of Table 6.l. 


The strength predicted using V, from the ACI-ASCE Committee 
426 proposal plus V., from the existing ACI and CSA Codes, 
qave.good results, for ,~categonies,.2 sandesebut. notmror 


Category l. 


In all cases, the procedures for estimating beam strength 
gave better results for the beams with the highest web 
reinforcement ratios. Care must be taken when using these 
procedures for beams with such small amounts of web 


reinforcement. 
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Also shown in Table 6.1 is the ratio of the calculated beam 
moment capacity divided by the maximum beam moment at fail- 
ure. The lowest value, 1.13,° occurred in the test of TB 10. 
The beams were designed to fail in shear before flexure and 
were loaded well below their moment capacity when they 


failed in shear. 


6.3 Comparisons of Beam Behaviour 

623. LeoiIntroduction 

This section compares the results from the various tests to 
point out differences and similarities between the behaviour 
of the beams with the various types of web reinforcement and 
anchorages. Photographs of the beams after failure are 


given in the Appendix. 


6.3.2 Crack Formation 

Thesformation»ofycracks asidescribed? lint Sectionr6al;2iftor 
TB 4 was generally the same for all the beams tested. The 
type of web reinforcement did not affect the type of crack 


formation. 


In the shear spans, the first cracks to form were short 
vertical flexural cracks which generally did not extend past 
the top of the main reinforcement. This was followed by the 


formation of inclined flexure-shear cracks at loads above 
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ENe@eZi0P COMs0 SNC. 58 tom 6t7@ kuep.) Orange As the load 
increased, these cracks propagated up towards the loading 
point to the web-to-flange transition and in some cases up 
to the bottom of the flange. At the same time, secondary 
cracks along the main reinforcement at the lower ends of hie 
inclined cracks began to form. Flatter inclined cracks 
formed on the support side of the original inclined cracks 
as the load approached ultimate. If the initial crack made 
an angle of approximately 60 degrees or greater with the 
horizontal in the region between the reference line and the 
neutral axis, then generally a flatter crack would form next 


tOeLt; eortjorn “with ethesmupper-portionwet Sit: 


At ultimate load, one of the wider cracks entered the flange 
near the load point and in the beams with the WWF web 
reinforcement it simultaneously propagated along the main 
reinforcement before going down to the bottom of the beam 
near the support. In the beams with the conventional 
stirrups, the failure crack did not propagate along the main 
reinforcement before going to the bottom of the beam. The 
opening up of the secondary cracks along the main reinforce- 
ment in these beams was not as Significant because the 
stirrups were hooked around the main reinforcement which 


apparently confined this horizontal cracking. 

























(ee) 
beer edd 2A .Spoes ‘Yqia r.3 6e ‘te 
omifeot wf3 shsavo2? ge betaosegot> siosx sme asi «Osi 
ance ot bow nolstensss seme Ltwacmcion eit n£oc 


rmyehaonse ,sais emer ef2° +4 -9p agit ed? 10 nosed 8 @ aa 
. . a 
. 56 - 7 
y to shoo rowel aff ow SnemensoInies niew art onolsua beataasis Sl 


a 


2cuvero benilont sesIels mot of nsped eXon1d' — 
sisevo Hhendloal faniplito adz Io ebia°sroqque sisno rer - 
+. a 
sham Mosvo Isigzint ed? 2% .edemtiiu bedososaqgs Gsol oma ees 
.. 
tkw 194/69%p 10 esstpeb O28 yletemixé1gqqs 2o eigas ose 
4d bos ond eonetetes edt neewied nolpes edit niy Isggosiaes 
7 


tnen orzo? biuc c7> yotisl2 8 yilevenep nedd eles fesdeem 





to nolsvoq seqan of neiw atot wo wat « : 
<5, be 

t 7 : 

s0On 3 4 Bote A5275 3 w att Yo end «bal stemistiu 


cis oo used oft at Bae Sntog Se0b edd reser 
niem ots e betevecoxa ylevoenstiognls 32 tnamectoinled 
. pats: 


oJ nwob palop e7Ot3sd jnemestotare 


4 oft al Salita oda 289R 


LENO LITASVeHCYS (3 y ‘ 






4 


fbem of2 ecola stupedovq gon 516 dos zs roxuls ” enz eet 
a S 
off «amasd sd? to motitod eft o3 prieg eteisd saonsozani fez) 


» 

_ > o 

-sot0Rniven aicm ef? paola etoszo yrebooose sft IO que neq O 
Oe ol 














as! 7 —s 


~ 

ers Seeeavee snacitingle 22 jon esw emaed ¢ pedd nl gnom 
7 ih 

site: dnemsozoinies ahem eng bavows't Pas ial 

seattnera ——- aidd Ba ! 








109 


In every beam, except TB 10, the failure crack propagated up 
through the flange at the load point. This resulted ina 
transverse crack across the top of the flange at this loca- 
tion. These beams also had another transverse crack across 
the top of the flange above the location where the failure 
crack entered the web-to-flange transition. The beam flange 
was kinked downwards at this location after failure. In 
these beams, there was a longitudinal crack along the center 
of the top of the flange which formed between the two trans- 
verse cracks. In TB 10 the only transverse crack across the 
top of the flange occurred above the location where the 


failure crack entered the web-to-flange transition. 


There was no pattern regarding where the inclined cracks 
formed, but there was at least one inclined crack that 
crossed the reference line in each half of each shear span. 
The location where the failure cracks crossed the reference 
line varied considerably. In four of the beams, the failure 
crack was in the inner half of the shear span and in the 
remaining six beams, it was in the outer half. The failure 
cracks are superimposed-in Figures 6.29 and 6.30. iIn.TB 8 
and TB 4&0, there. weremetwoimajor inclined cracks sing the 
failure span and both are shown in these figures. TB 3 and 
TREGlAlSO) hag@twormayoOr=cuacks but only the failuresoracks 


are shown for these beams. 
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In the constant moment region of each beam, the cracks were 
virtually all vertical flexural cracks. The longest of 
these generally extended up to the centroidal axis of the 
uncracked section, although in some cases they extended 
Slightly beyond. The type or spacing of the web reinforce- 


ment did not affect the formation of cracks in this region. 


It should be noted that most of the beams had some vertical 
Shrinkage cracks at the bottom prior to testing. As the 
beam was tested, further flexural cracking usually formed as 
extensions to these. There was also some horizontal shrink- 
age cracking at the bottom of the web-to-flange transition 
in most beams. This did not appear to affect the cracking 
during testing. A photograph of this second type of crack- 


ing is given in Figure 6.31. 


The number of cracks that formed in the shear spans was not 
significantly affected by the type of web reinforcement 
although the beams with the higher web reinforcement ratios 


had slightly more cracking. 


There were from four to six cracks crossing the reference 
line in the shear spans of the beams with W2.5 and D2.5 
stirrups. The corresponding numbers for the beams with W2.9 


and D2.9 stirrups were five to seven. For the two beams 
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FIGURE 6.31 - Typical shrinkage cracks at bottom 
of web-to-flange taper 
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with the 6 mm diameter stirrups, there were from five to 


elohntecracks of this type: 


There were either two or three inclined cracks crossing the 
centroidal axis in each shear span in the beams with W2.5 
and D2.5 wire stirrups, whereas in the beams with W2.9 or 
D2.9 wire stirrups, there were from two to four such cracks. 
There were three to five of these cracks in each shear span 


in the beams with the conventional stirrup reinforcement. 


The average inclination of the inclined cracks which crossed 
the centroidal axis ranged from 28 to 64 degrees with the 
steepers cracksmgenerally closer’) to) the load- point® The 
average inclination of the widest of these cracks ranged 
from 28 to 46 degrees. The average value for the failure 


cracks was 37 degrees. 


Thes type of web reinforcements hadi no “effect on the toad 
Fange in) which inclined cracking took place. = The estimated 
load ranges for the inclined cracking load for each span of 
each beam are shown in Table 6.2 along with the ACI (or CSA) 


Code values for V.,, The methods used to determine these 


estimates were explained in Section 6.1.3. 


The load range estimated using visual Method 1 was generally 


lower than the value of V, predicted USA NG mtiem=GOde 
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TABLE 6.2 


INCLINED CRACKING LOAD 


Inclined Cracking Load Range from Tests - 


East Shear Span West Shear Span 
Gauge 
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equations. The estimates obtained using visual Method 2 
agreed quite well with the code predictions. The method of 
estimating the inclined cracking load range as the range in 
whieh the stirrup strain began to significantly, increase, 


also gave values lower than the code values. 


Gao eo Crack Widths 

As the load increased, the width of the inclined cracks also 
increased but no well defined relationship was exhibited. 
Some general trends were evident from comparisons of the 
average and maximum crack widths. The average crack width 
was Calculated using the widths of all the cracksmin both 
Shear spans that crossed the reference line drawn at 200 mm 
(7.9 inches) above the bottom of the beam. The crack widths 
were measured perpendicular to the direction of the crack at 


the height of the reference line. 


In order to make better comparisons of crack width for beams 
with different web reinforcement and concrete strength, 


graphs of P versus crack width were plotted using both 
ie 
ult 


maximum and average crack widths. These graphs appear in 


Pigures 6.32 to 6.37. 


The crack widths for values of Pwequal) tos0.50randao. 61 


Et 


and also the crack widths prior to failure are summarized in 
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Mable 6.3.9 "These values of P correspond to the service 
eerie 
load range for the beams and were calculated as follows: 
Ps ee 
Pult LF 
where: 
@ = strength reduction factor = 0.85 


BFe= loadetactor 


The load factors used to obtain the above values were 1.7 
and 1.4, which are the live load and dead load factors given 


im the ACI andecSAiCodes. 


A comparison of. the average crack width curve for TB 4, 
whaechthad D2a98wire Stirnbups, and those for TB BS and TB 38, 
which had W2.9 wire stirrups, suggested that the average 
crack widths were similar up to service loads with the crack 
widths in the beam with the smooth wire stirrups increasing 
mone Gapidiy for higher Toads.’ Win all orgthese beams, two 
longitudinal cross-wires, top and bottom, were used to 
anchor the WWF sheets. A similar observation was made when 
the average icrack widths) in TBYL and TB@2 were “compared: 


TB 1 had W2.5.wiresstincupseand=TBe2ehadeD2.5ewire stirrups. 


A comparison of the maximum crack widths for these beams 
showed similar trends to the comparison of average crack 


width. In the lower load range, the maximum crack widths 
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TABLE 6.3 


CRACK WIDTH DATA 
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were approximately the same for both deformed and smooth 
wire stirrups but in the higher load range, the maximum 


crack widths were larger in the beams with smooth wire 


Stirrups. 


These observations suggest that the crack widths were essen- 
tially independent of the type of wire (i.e. deformed or 
smooth) up to the service load but were wider in beams with 
SMOOtMNSaW1 re uEStCIGrUpS: a Ge hi gheslodade:. Presumably this 
resulted from the poorer bond between the stirrups and the 


concrete in the case of the smooth wire. 


A comparison of both the average and maximum crack widths 
between the beams with D2.5 wire stirrups (TB 2 and TB 6) 
and the beams with D2.9 wire stirrups (TB 4 and TB 5) indi- 
cated that there was relatively little difference. However, 
the crack widths for these beams were lower than for the 
beams with the conventional 6 mm diameter stirrups. This 
was in agreement with the results of Haddadin et al (1972) 
which stated that the service load crack widths increase as 
the value of SE increases for rly less than 2.76 MPa 


GAO) ps1). 


The suggested maximum crack width given by ACI Committee 224 


(1972) are summarized in Table 6.4. The maximum crack 
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TABLE 6.4 
SUGGESTED MAXIMUM CRACK WIDTHS 


ACI COMMITTEE 224 (1972) 


Maximum Allowable Crack 


Exposure Condition Width - mm 
Dry air or protective membrane 0.41 
Humidity, moist air, soil 0.30 
De-icing chemicals | O26 
Seawater and seawater spray, O25 


wetting and drying 


Water retaining structures Ops Ge) 
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widths at P = 0.50 for the beams tested here were gen- 
eae 
Grally within these limits. | However, at Pel=70.6 1. somenot 
Seah 


the maximum crack widths exceeded these limits. This 
occurred in the beams with the smooth wire stirrups and in 
one of the beams with the 6 mm diameter conventional 


stirrups. 


In almost every beam, the widest crack crossed the reference 
line in the outer half of the shear span. The widest crack 
was (not othesfailune: cuackgin fallpiof itthesbeams? i ainaTB £37 
TB 6 and TB 8, the widest crack prior to failure was in the 
outer half of the shear span but the crack that eventually 


caused the beam to fail was in the inner half. 


6.3.4 Mode of Failure 

All of the beams tested in this program had diagonal tension 
type failures similar to that described in Section 6.1.5 for 
TB 4. Failure was initiated when one of the inclined cracks 
simultaneously propagated up towards the loading point into 
the top flange and down to the bottom of the beam near the 
support. As this happened, the crack widened and separated 
the beam into two segments. The segment farthest from the 
support dropped relative to the segment closer to the sup- 
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failure. No concrete crushing was evident in any of the 


beams. 


At failure, the anchorages for the stirrups in the WWF 
sheets were damaged at the location where they were crossed 
by the failure “cratks: AVso/*many of Ptheewire® stirrups 
crossed by the inclined portion of the failure crack frac- 
tured at failure. In the case of the beams with the conven- 
mLronals SUILLUDS , =tLNeroesa mm aNOe s)mbareanround whichs the 
stirrups were hooked was slightly bent at failure in the 
region where it was crossed by the upper portion of the 
failure crack. There was no damage to the lower anchorage 


and none of those stirrups fractured at failure. 


The failure cracks were much wider after failure in the 
beams with WWF web reinforcement than in the beams with the 
6 mm diameter stirrups. This was a result of the anchorage 
behaviour and the fracturing of the stirrups. At the lower 
end of the failure crack at the beam failure load, dowel 
splitting occurred along the main reinforcement in the beams 
with WWF web reinforcement. The. anchoragemotfe thas 
reinforcement apparently did not support the main reinforce- 
ment to help prevent this. The Vine lined pogtronsoLmthne 
failure crack then became wider and as a result most of the 
stirrups that were crossed by it fractured. This enabled 


the crack to widen tLurther. “= Aliso7= the is tirreups@that had 
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damaged anchorages and the stirrups that had the upper 
portion of the crack cross above their top anchorage were 
not effective in preventing the crack from widening. In the 
beams with the conventional stirrups, dowel splitting did 
not occur. Because these stirrups did not fracture and 
because dowel splitting did not take place, the failure 


cracks in these beams did not widen as much. 


Se eC LreUpe Strain 

The measured strain was negligible until the load range at 
Or near which an inclined crack crossed the stirrup. After 
this, the strain increased with loading. The amount of this 
increase was dependent on the location of the gauge with 
respect to the crack, the type of crack and the anchorage of 


ceiqter henlt et abl ey 


The largest strains were recorded in the stirrups which were 
crossed by the wider inclined cracks in the region between 
the top of the main reinforcement and the web-to-flange 
transition. These. stirrups, were, able tosdevelops larger 
strains because they tended to be well anchored above and 


below the crack. 


The stirrups with the lower strain readings were either 
crossed by the wider inclined cracks in the anchorage zones 


fearsthe top OfsbottomeOrsthes beam Orn theyewere=Crossed by 
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relatively minorecracks that did not widen Ssigniticantly 


during testing. 


Strain gauge readings indicated unbonding between the con- 
erete and Smooth wire stirrups in several Togations. At 
these locations, a crack crossed either above or below both 
gauges on the stirrup but not in between them and the read- 
ings from the two gauges were almost identical. An example 
of this is shown in Figure 6.38 for strain gauges 5 and 6 on 
Stirrup FE vin TB 8 (see also Figure A,11). “In this beam, a 
crack crossed below both gauges between 35 to 40 KN (7.9 to 
9.0 kips). No other crack crossed the stirrup until between 
60NCO 655KNI013.5 to 14.6 kips). This second crachke crossed 
above both gauges. The readings from the two gauges were so 
close during testing that the stirrup was obviously not 


bonded to the concrete. 


Some partial loss of bond was evident in the case of the 
deformed wire stirrups as discussed in Section 6.1.7. This 
was not observed in the case of the conventional stirrups. 
For) the conventional stirrups, the strainjygauge= located 
closest to the crack generally had the highest reading. 
This indicated that there was some bond between the concrete 


and these stirrups. 




















OEL \ 
f ; ne (a 
yisrisoltingin asbéw Soo bith gad) adver) sonla Ylevins 
‘eeks a ee 
aes 
oOo Pep es ~ ; 


: a 

a ih 
os : ‘an = 

tA senoltacol I[azeyee at equiaside oyiw As260me OAs 94315 _ 7 


enon ef3 neewisd pribnediay bezeqttnl eprkbéey’ Spusp” 


fzog wolead x)O evods gerlyJis bearacio Wosto 5 ,enorssool’ 92903 


-heex oft bona moti ceewred ai jon tud“qussige sAz nO BepuseS 


co 


siqesne nA .lsoiineht daonls stew eopusp owl of2 mot? eent 


no @ tne @ Sapuep Alesse Awl BL.3 siupld Ai awodae ef eld? 3a 


- 


® ,apod cite mi ({[f.A etupl®? oels See) 8 BT al BY aqaissize ' 
o7 ©.T) WN OF Of CL neewied espusy d¥od Woled bss26a0 Asags 
noewled fin quxxise sd¥ haveoxn woess Jens OF legis 0.2 
beeeots AosToO noose slit .(eqid a. hf oF oy hanels ux 29 oF 08 
Om S38¥ 29pKHep ows of? mort apnibesy sd? “laspdap djod evedm 
fon ylawolyvdo esw qusstse sft tent onizesd? eaiauB Seale 


sisinnoo oi of bsbaod ’ 


9m) Zo sveo ed ni saebive esw bnod to sae! “fseteaseq Snow 


einT 4.1.9 molioes wl beseuveih es equy tive exiw bousoish : 


yvstide Lercitnevnoos. afd to s2e85 a3 al bevssedo Jon a5w . 
* i 


a 





Hevecel epvep nissiu odd ,equrrtise Lenholinevios odd You 
seRibeet festipia add best ylisxsnep Aneto add of #2 
odsuam 9 sH4 NeeWwied baod emoe esw exedd dadd bessol 
: » ‘osn vie 
¢ ve 
a ey 2A be 
7 a . 










mare 








— 


138 





SITM ANAATRZS pue 32zeATDUOD UseM}zeq butpuoqug butmoyus 
8 dL worty 9 pue g sebnedy uteiqS AOF uTeARS SNSAsA peoyT JO ydeiy - g6°9 auNnoIaA 


NIBYLS 


L£00°0 S00°0 €00°0 100°O 100 °0- 


0} 


0¢ 
SH 39U9 NIUYIS 

GH 3949 NIUHLS —§ ——— 

cN3937 | ae 


Oh 
os 
0g 
OL 
08 
06 


oot 


NX - Gv071 





| O“303) 
ou FUAO AIANTS 
& 3282 Minne -——- — 











a - 


Toe .0 205.0 269.0 00.9 








KIRN 2 


@ @? wor? @ bee = aepuvad aisti2 yo! aleise ewexeV Seal 76 
exiW quraziz2 bas sfetoNn0D asewis# paifnodag 


{es 


LOZ 


Relatively few strain gauges gave readings indicating that 
the stirrups had yielded prior to failure but in the cases 
where yielding was recorded, the failure crack crossed near 
the middle of stirrup and the strain gauge was located close 
to the crack. Ite Ves posstolestchate more sotmthe stirrups 
crossed by the failure crack yielded before failure because 
not all of the stirrups crossed by this crack were instru- 
mented. lt is ‘also possible that the stirrups yielded at 
Ene=fatlureecrack buitunots at the locationsof the strain 
gauge. The difference would be due to the bond between the 


concrete and the stirrup. 


In the beams with the WWF web reinforcement, most of the 
Stirrups crossed by the#failure crack fractured): when the 
ultimate load was reached. It was obvious that these 
stirrups yielded and fractured in tension but it could not 
be determined at what load the yielding began. The frac- 
tured wires exhibited necking down at the locatyon of the 
fracture similar to that obtained in the tension tests. The 
stirrups that fractured were well anchored both above and 
below the failure cracks. The stirrups which fractured in 


each of these beams are listed in Table 6.5. 


None of the conventional stirrups fractured at the beam 
ultimate load. The strain readings in the stirrups crossed 
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TABLE 6.5 


WIRE STIRRUPS FRACTURED AT FAILURE 


Type of Stirrups which 
Anchorage Eraceuned 
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134 
cases but only two gauges gave readings greater than yield 
before the beam failure load. Neither of these gauges was 


on a Stirrup that was crossed by a failure crack. 


6.3.6 Stirrup Slip and Anchorage Behaviour 

The stirrup slip was measured as close as possible up to the 
failure load of the beam. Many of the gauges mounted on the 
bottom of the beam fell off either during testing or at 
failure. Readings from the gauges on the top of the beams 
were taken up to the failure load but no readings could be 
taken after failure either because the slip was too great or 


because the gauge became unseated from the stirrup. 


There was a large variation in the amount of slip that was 
measured. The range in slip measurements taken just prior 
to failure are shown in Tables 6.6 and 6.7. The results 
have been categorized for each shear span according to type 
of reinforcement, concrete strength, location of inclined 
crack at the stirrup, and anchorage damage. Because of the 
numerous factors affecting the slip and the large variation 
in the results, it was not possible to determine any dif- 
ferences in behaviour for the different wire sizes used in 
the WWF sheets. However, some general observations were 
made and the results were compared to those from the beams 


with conventional stirrups. 
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FINAL SLIP MEASUREMENTS IN FAILURE SPAN —- mm 


WWF Web 
Reinforcement 

Category ese > PAW) f tan 30 
Stirrup with damage to 0.26 to OR ihsy me) 
anchorage and crossed by 2.96 137 
failure crack 
Bil Grupmtracturedmat 0.007 & ORANG) ete) 
failure and crossed by 1.48 e22 
failure crack 
Slip measured at bottom 0.02 & OOH) Ale: 
of beam on stirrup 010 0352 
crossed by failure crack 
propagating along main 
reinforcement (no damage 
to anchorage) 
Stirrup crossed by fail- 0.83 0.07 to 
ure crack either above AOR. 
top anchorage or below 
bottom anchorage 

TABLE 6.7 


FINAL SLIP MEASUREMENTS IN NON-FAILURE SPAN 


Category 


Stirrup crossed by 
inclined crack near top 
anchorage zone 


Stirrup crossed by 
inclined crack atm lLoca— 
tion other than near top 
anchorage 


WWF Web 
Reinforcement 
f'o = 20 f'. = 30 
Oe OSLOr to 

0343 
0.09 to 0.04 to 
eae wace:| 


6 mm Dia. 
Stirrups 


aie el 


O,o.7 LO 
2590 


0.08 


=> Jahan 


6 mm Dia. 
Stirrups 
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The maximum slip in almost every beam occurred at a stirrup 
that was crossed by the failure crack either in the region 
of the top anchorage in the web-to-flange transition or in 
the region of the bottom anchorage at the level of the main 
reinforcement. In the beams with WWF web reinforcement and 
concrete strengths of approximately 30 MPa (4350 psi), this 
Slip was between 0.52 mm and 1.37 mm (0.0203 to 0.0539 
inches). In the beams with WWF web reinforcement and with 
concrete strengths of approximately 20 MPa (2900 psi) the 
maximum values were 1.92 mm (0.0759 inches) and 2.96 mm 
(0.1164 inches). The maximum slip measured in the beams 
with the conventional 6 mm diameter stirrups were 0.61 mm 


CO.0241) inches) and 2.90 mm (0.1142) inches: 


In several of the beams, the slip readings began to creep 
near the failure load. An increase in the slip readings 
when the load was constant was a good indication that 


failure was close. 


At the stirrup with the maximum slip in the beams with the 
WWF web reinforcement (excluding TB 7), there was some type 
of damage to the exterior cross-wire anchorage in almost 
every case. Because of this damage, the effectiveness of 
these anchorages was reduced and the stirrups were not able 
to develop their full loads. In two of the beams, the 


stirrup with the maximum slip did not have any damage to the 
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exterior anchorage so the stirrups were able to develop 


fully and they fractured when the beam ultimate load was 


reached. 


After entering the upper flange in the beams with the con- 
ventional stirrups, the failure crack propagated along the 
top of the 9.5 BummNom3)e bar that  raneitmmough the top 
stirrup hooks. This effectively destroyed the upper anchor- 
age of the stirrupsmingthis: region. “—Thismoan was bent as 
the stirrups were pulled down at failure. The maximum slip 
occurred at the stirrups where this took place. The crack- 


ing above the 9.5 mm (No. 3) bar is shown in Figure 6.39. 


The damage to the anchorages of the wire stirrups resulted 
either when the weld between the stirrup and the anchorage 
wire failed, the anchorage wire fractured at the weld, or 
both of these occurred together. A typical failure case is 
illustrated in Figure 6.40. The exterior anchorage at the 
top of the beam was usually damaged when the failure crack 
crossed the stirrups below this anchorage in the web-to- 
flange transition. The stirrup remained well anchored below 
the failure crack so as the crack widened and the segment of 
the beam below the crack dropped, either the exterior weld 
or cross-wire or both failed and the stirrup was pulled out 
of the flange. The exterior anchorage at the bottom of the 


beam failed in a similar manner. Damage to the anchorage 
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ELLGURE .6.39 > Crack cormingsaboves 95ammn barvau 
COs Olsslabalurewsc Gacks jim S7BL0 





TOP OF FLANGE EXTERIOR ANCHORAGE WIRE 
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VERTICAL 
WIRE STIRRUPS 


LOCATION OF FAILURE CRACK 


BEFORE BEAM FAILURE LOAD 


WELD FAILURE 
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ANCHORAGE 
WIRE FRACTURE 


FAILURE 
CRACK 


LOWER PORTION OF BEAM DROPS AT 
FAILURE AS FAILURE CRACK OPENS 


AFTER BEAM FAILURE LOAD 


FIGURE 6.40 - Illustration Showing How the Anchorage 
Wires at the Top of the Beams were 
Damaged at the Beam Failure Load 
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wires at the bottom of some beams is shown in Figures 6.41 
and 6.42. The interior anchorages both at the top and at 
bottom of the beams usually failed when the cross-wire was 
sheared off at the weld as the segment of the beam below the 
crack dropped with respect to the segment of the beam above 


the failure crack. 


The failure cracks were much wider after failure in the 
beams with the WWF web reinforcement than in the beams with 
the 6 mm diameter stirrups. This was partially due to the 
behaviour of the anchorage of the web reinforcement. In the 
beams with the WWF web reinforcement, the bottom anchorage 
did not give any support to the main reinforcement to 
prevent dowel splitting and the damage to the stirrup 
anchorages crossed by the failure cracks in these beams 
reduced the effectiveness of these stirrups. The failure 
crack was, therefore, able to open up and the portion of the 
beam below this crack dropped relative to the portion above. 
The conventional stirrups seemingly prevented the failure 
crack from widening significantly after the beam failed 
because they were hooked around the main reinforcement at 
the bottom of the beam and around the 9.5 mm diameter 
(No. 3) bar in the flange so that the effectiveness of the 
anchorage was not as severely damaged. Also, the support 
given to the main reinforcement by these stirrups apparently 


prevented dowel splitting. 
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FIGURE 6.41 - Damage to anchorage at bottom of 
bamlune erackein TRe5 


TB-8 : 





FIGURE 6.42 - Damage to anchorage at bottom of 
EolLuLemcrackein TBmo 
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In TB 7, only the interior cross-wire anchorages were pro- 
vided on the WWF sheet. This was not a satisfactory method 
of anchorage. The portion of the stirrups that was effec- 
tively anchored was reduced appreciably. Theses tirrups 
crossed by the inclined cracks outside of the zone between 
the anchorage wires were ineffective. This beam failed well 
below the load reached by beams with similar stirrups but 


with exterior anchorage wires. 


The behaviour of the beams with only the exterior anchorage 
wires on the WWF sheets was comparable to that of the beams 


with both the interior and exterior anchorage wires. 


In the beams with two anchorage wires top and bottom on the 
WWF sheets, the stirrups that fractured did so in the region 
between the top and bottom anchorages in every case except 


One. 


6.3.7 Deflections 

The load versus deflection graphs for all of the beams were 
Similar to that described in Section 6.1.9) Om Ibe 4 etic 
was considerable difference between the measured and the 
calculated midspan deflections. The calculated deflections 
were made using the average value of Young's Modulus 


obtained from the cylinder tests for the beams and the 
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effective moment, of inertia, tn given inethes Acland, com 
Codes. No estimate of deflection due to shear was included. 
These values are shown in Table 6.8. The difference between 
the measured and the calculated deflections is due to effect 


of the inclined cracks in the shear spans. 


The deflections from the load versus deflection graphs made 
with the MTS plotter were very close to the deflections 


measured with the LVDT. 
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TABLE 6.8 


BEAM DEFLECTION PRIOR TO FAILURE 


Load at Difference 
Reading Midspan Between 
Type Prior Deflection Calculated Measured & 
of Failure to Prior to Midspan Calculated 
Beam Web Load Failure Failure (L) peflection Deflection 
No. Reinf. (KN) (KN) (mm) (mm) (mm) 
Teale (W2.5 65 60 9.47 5.52 3.95 
eee 2.5 70 70 10se3 6.07 4.36 
T3253.) W259 78 75 Lila 6.91 A633 
Tee 4 D269 80 80 HOTDE 6.95 3.56 
Tees 2.9 85 80 10.18 6.95 B23 
anes Cay) ae 69 69 9.96 6.07 3.89 
ihed 9) PSA) 70 65 8.79 5.63 3215 
™ 8 W2.9 80 80 14.50 6.95 TRIAS 
T 9 6mm 90 85 12253 7e3e By BS) 
TBO 6.0m 96 96 16.01 8.26 F275 


1) Measured with LVDT 
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CHAPTER 7 


SUMMARY AND CONCLUSIONS 


The existing ACI and CSA Code procedures for calculat- 
ing beam shear strength gave conservative estimates for 
the beams with adequately anchored web reinforcement 
tested in this program. However, the amount by which 
the estimates were conservative decreased considerably 
as the web reinforcement ratio, r, decreased. The 
ratio of test strength divided by predicted strength 
based on the Code procedures for the different web 
reinforcements ranged from approximately 1.0 for the 
W2.5 and D2.5 wires (r = 1.04 x. 10-3), to, approximately 
Te CO TsRC eg 2. Omani D 2.9 mW Lesa tame 2 exe ce) eat o 
approximately 1.2 for the 6 mm diameter conventional 
Stirruol(re= 61.5 2exel On) we This corecmel lereanounse 
of web reinforcement, the Code equations were less con- 


servative. 


The ductility of the beams tested increased as the web 


reinforcement ratio, fr. 


All the beams tested had diagonal tension type failures 
with the failure crack entering the flange near the 
load point and propagating down to the bottom of the 
beam near the support when the failure load was 


reached. There was no evidence of concrete crushing. 
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The average value of the average inclination of the 


failure cracks was 37 degrees. 


Secondary cracks (splitting cracks) formed along the 
main reinforcement as the failure load was approached. 
When the ultimate load was reached for the beams with 
the WWF web reinforcement, these cracks opened up and 
formed part of the failure crack near the bottom of the 
beam. This did not occur in the beams with the conven- 
tional stirrups which were hooked around the longitudi- 
nal reinforcement. Therefore, the anchorage of the WWF 
sheets was not effective in supporting the main 


reinforcement to prevent this dowel splitting. 


In most cases, the vertical wires in the WWF sheets 
which were crossed by the failure crack in the middle 
region of the beam fractured when the beam failure load 
was reached. This was due to the relatively low values 
of ultimate strain, ¢€,, for these wires. These frac- 
tures, along with the lack of confinement of the dowel 
splitting, caused the failure crack to open consider- 
abidyssat gbhesultimate load of the beam.) None of (the 
conventional 6 mm diameter stirrups fractured when the 
beam failed and the failure crack did not open up as 
wide as in the beams with the WWF web reinforcement. 


The fracturing of the WWF stirrups eliminated the 
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Strength component V. and the opening up of the failure 
crack eliminated the aggregate interlock. The loss of 
these shear transfer mechanisms together with the 
reductdonyofmther Gdowek shearn"sdue to: thearwsplLitting 
along the main reinforcement resulted in shear failure 
of these beams. This would not be desirable in situa- 


tions where load redistribution would be required. 


The anchorage of the WWF sheets using two horizontal 
cross-wires top and bottom proved to be satisfactory. 
In the case of the welded deformed wire fabric, the use 
of only the exterior cross-wire anchorages top and 
bottom was also satisfactory. The use of only the 
interior cross-wire anchorage top and bottom did not 
give acceptable anchorages. The 1983 ACI Code proposal 
for anchorage of single leg WWF shear reinforcement 
would be acceptable for these beams. It should be 
noted that the exterior cross-wires in the compression 
zZoner Uy.e.. 1n thes st lange) = snouldmbewasmiclosemas 
possible to the outer face because once the inclined 
crack crosses above the anchorage, the stirrup is no 


longer effective. 


Total loss of bond between the concrete and the verti- 
cal wires in the welded smooth wire fabric was evident. 


Also, partial loss of bond was evident between the 
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concrete and the vertical wires in the welded deformed 


wire fabric. 


The maximum crack widths in the beams with the WWF web 
reinforcement were essentially the same for the smooth 
and deformed wires up to service load levels 


( P = 0.5). At higher loads, the maximum crack width 


was larger in the beams with the welded smooth wire 
fabric. At the upper end of the service load range 


( P = 0.61)sthe maximum crack width in the beams 
Pulte 


with the smooth vertical wires were larger than the 


Suggested maximums given by ACI Committee 224 (1972). 


Placing the WWF sheet slightly offset from the center- 
line =o sthemwebm( TBs madi deanOt appears romnavemany 


effect on the beam behaviour. 
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CHAPTER 8 


RECOMMENDATIONS FOR FURTHER STUDY 


The beams tested in this program were designed to fail 
in shear before flexure. The behaviour of this type of 
web reinforcement should be investigated in the case of 


beams designed for a balanced failure. 


Because of the large*numbertof factors ‘affecting the 
behaviour of beams under shear loading, further inves- 


tigation should be carried out to determine effects of 


varying such parameters as a/d, b/by, and Py- 


Additional specimens with the conventional reinforce- 
ment stirrups detailed so that the failure crack cannot 
pass above the upper anchorage should be tested to 
compare their behaviour to that of the beams with the 


WWF web reinforcement. 


The behaviour of WWF web reinforcement should be inves- 


tigated under dynamic loading conditions. 
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TENSION TEST RESULTS SUPPLIED BY WIRE MANUFACTURER 


Specimen 
No. Sq. cans 
iE 0.034 
2 0.034 
3 0.034 
4 0.029 
5 0.024 
6 0.024 
a Bie O72: 
NOTE: 


Area of Specimen 


sq. mm 
Oasis) 
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WE siies ah 
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Stress 
fy 
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Strain 
Eu 
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Size of 
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W2.9 


Oy 


D2.9 


W2.5 
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D255 


These tests were performed using plain, smooth wires 
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TABLE A.6 


AS-BUILT BEAM DIMENSIONS 


Shear Shear Span 
Span at to Depth 
Effective Flange Beam Failure Ratio a/d, 
Beam Depth, d Width, b Depth, h Enda at Failure 
Number mm mm mm mm End 
ashy AE 443 - = 1380 Stig 1h 
Aue hs oy 450 509 Bil 13 Ti 3.06 
yz}! 447 - - 137757 3.08 
TB 4 447 = = Ate Ashe 3.08 
Bao 445 = - 13752 3.09 
TB 6 448 s el) L385 3.09 
due, Y 441 SEL, 509 130.8 sisal 
TB 8 445* Sal 508 382 Shey 1M 
TB 9 445* Se 510 ibsksh Jb B-10 
TB 10 445* 510 508 1381 Sigil 
Design 445 508 508 1380 B20 
*Estimated Value 
NOTE: In the cases where no value is shown, there were no mea- 


surements taken 
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FIGURE A.2 
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FIGURE A.4 - West shear span of TB 3 after failure 
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FIGURE A.5 - East shear span of TB 5 after failure 
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FIGURE A.6 - West shear span of TB 5 after failure 


162 


& ” 
: : ea 
: : 
j 
a 
r 
7 
oa a 
f 
wry ¥ , Dé 2» 4 eee 
= ie 
“a : 
y sg 
P . 4 
rj a 5 ¢s = 
- 
a ; 20 CSsaea 
2 
“ = - 
= 
& 










f* W< ~~ aisé eae) 


vo 





FIGURE A.8 - West shear span of TB 6 after failure 
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FIGURE A.10 - West shear span of TB 7 after failure 
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FIGURE A.12 - West shear span of TB 8 after failure 
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EIGURE A.14 —-West shear ‘span 7ob 1B oeaiter sfallure 
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FIGURE A.16 —~ West Shear Span of JIB 1/0, after Tailure 
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FIGURE A.18 - Pure moment region of TB 3 after failure 
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FIGURE A.20 - Pure moment region of TB 6 after failure 
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FIGURE A.22 - Pure moment region of TB 8 after faLLure 
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FIGURE A.24 - Pure moment region of TB 10 after failure 
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